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"The scene then has plenty of potential for tragedy. 
We are dependent for our very survival on the management 
of exotic species. Others threaten our existence. Our 
present knowledge and understanding of them is inadequate, 
yet we ourselves are at present rewriting the textbook 
of evolution. We are making new exotics in our laboratories, 
and turning them loose in the world, and we are stirring 
the evolutionary melting pot." (Weir 1977» P* 13)
Except where specific acknowledgement is given 
and Section 3*3 where collaborative work was carried out, 
this research is entirely that of the author.
Section 3*3 was jointly written by Mr M.P. Dawson 
and myself. Mr Dawson also contributed the data for the 
Vanity's Crossing study area. Mr A. Olsthoorn assisted 
me in the data collection for the Thompson's Corner and 
Bullen Range study areas.
M. Bruce Foster
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ABSTRACT
Pinus radiata D. Don invades dry sclerophyll 
eucalypt forests adjoining pine plantations in the A.C.T.
An investigation into the ecology of P. radiata invasion 
involved an examination of the patterns of pine invasion, 
studies on the establishment phase of young pine seedlings 
in eucalypt forests, and studies on various aspects of the 
competitive relations between pines and eucalypts.
The study has shown that there is a mosaic of 
invaded and non-invaded eucalypt forests and that the 
mosaic is related to levels of browsing of pine seedlings 
by mammalian herbivores and levels of previous disturbance 
of the forest. Summer drought stress can restrict pine 
establishment on very exposed sites and winter snow damage 
appears to prevent pine seedling development at high altitudes.
There is a large proportion of bare mineral soil 
on invaded sites and this provides a good seedbed for pine 
germination and early establishment. Low levels of browsing 
permit rapid seedling development. On the non-invaded sites 
there is a greater cover of litter and seedling establish­
ment may be limited by the availability of suitable seedbeds. 
Any seedlings establishing on these sites are more prone 
to browsing by mammalian herbivores and chances of seedling 
survival are low. However, there is nothing inherently 
inhibitory to pine growth on the non-invaded sites and once 
established, competition from the eucalypts does not seem 
to prevent rapid pine development.
Pine invasion most commonly occurs on sites with 
a high proportion of weak-crowned trees. The weak condition 
of these stands may be related to slow recovery from dis­
turbances associated with grazing activity between 1850 
and 1920. However, invasion is not restricted to the more 
heavily disturbed sites.
xviii
P. radiata appears to have a competitive advantage 
over the eucalypts through its ability to exploit site 
resources more efficiently. However, the eucalypts are 
less sensitive to fire than P. radiata, and as long as 
fire continues to play a significant role in the Australian 
environment it is unlikely that the pines will completely 
replace the eucalypts.
1CHAPTER 1
INTRODUCTION
1 .1 EXOTIC PLANTS IN THE AUSTRALIAN ENVIRONMENT
Thousands of plant species have been introduced 
into the Australian environment since the coming of European 
man. Many plants were introduced accidentally but many 
more were deliberately introduced and planted widely for 
their commercial value. Unfortunately a number of these 
have been highly successful colonizers and are now pro­
claimed noxious weeds (Amor and Twentyman 1974)? and many 
others of lesser colonizing ability have infiltrated large 
areas of the Australian native vegetation. Wace (1973) 
estimated that there are 1300 species of flowering plants 
naturalized* in Australia and acknowledged that even this 
was probably an underestimate (Wace 1978).
The majority of naturalized exotics are herbaceous 
weeds of crops and pastures, and because of their economic 
importance they have been subjected to intensive study 
(see review by Amor and Piggin 1977)* In contrast, weeds 
of native plant communities have little economic importance 
and have received only minimal attention.
Among the many introduced commercially useful 
plants, is a wide variety of forest tree species, many 
of which have been planted on a large scale in Australia.
A number of these, particularly the conifers, have been 
highly successful in the Australian environment as well 
as in other southern hemisphere countries such as New 
Zealand and South Africa. Of particular importance to the
*A naturalized plant is one which has been introduced and 
which can maintain itself indefinitely (or at least through 
several generations) in the wild or in man-made habitats 
without feeding or cultivation (Wace 1978).
2Australian forest industry is Pinus radiata D. Don which 
has been extensively planted throughout southern Australia. 
Plantations of P. radiata currently extend over about 
432,000 ha, being equivalent to about ]% of the total 
Australian productive forest area (Neumann 1979)? and 
by the year 2010 the area of plantations is planned to 
exceed one million ha. Many of the existing P. radiata 
plantations share a common boundary with native eucalypt 
forests and where the pines have reached cone-bearing age 
pine seed is dispersed by wind into the native forest.
In some areas P. radiata is successful in regenerating 
and developing within the eucalypt forest.
Until recently the invasion of native eucalypt 
forest by P. radiata has been largely ignored, and con­
sequently there is very little published work on the ecology 
of pine invasion. The area of P. radiata plantations at 
seed-producing age can be expected to increase dramatically 
over the next thirty years and consequently the problem 
of invasion of native eucalypt communities is likely to 
increase. There is, therefore, a need to more fully under­
stand the ecology of P. radiata invasion so that future 
managers of invaded forests can develop an ecological 
approach to its control. The study of pine invasion of 
eucalypt forest is also likely to add to the relatively 
limited understanding of relations between eucalypts and 
the environment and the nature of dynamic stand processes 
within the eucalypt forest. This study examines various 
aspects of the ecology of P. radiata invading dry sclerophyll 
eucalypt forests adjacent to pine plantations in the Aus­
tralian Capital Territory.
The following sections in this chapter introduce 
the study by giving a brief description of P. radiata 
and its native habitat, followed by a review of conifer 
invasion into native plant communities in the southern 
hemisphere. The study area and the manner in which the 
problem has been approached are then briefly described.
A d e t a i l e d  d e s c r i p t i o n  o f  t h e  s e a s o n a l  p a t t e r n s  
o f  s h o o t  d eve lopm en t  i n  P .  r a d i a t a  can be found i n  
Cremer ( 1 9 7 3 b ) .  P .  r a d i a t a  h a s  a n o t a b l e  c a p a c i t y  f o r  
v i r t u a l l y  c o n t i n u o u s  dev e lo p m en t  o f  t h e  l e a d i n g  s h o o t s  
> u n d e r  f a v o u r a b l e  w e a t h e r  c o n d i t i o n s  a l t h o u g h  th e  s u b ­
o r d i n a t e  s h o o t s  d i f f e r  i n  t h a t  t h e y  d e v e lo p  i n  a r e g u l a r  
and d e t e r m i n a t e  a n n u a l  p a t t e r n  and p ro d u ce  a s i n g l e  
i n t e r n o d e  d u r i n g  one p e r i o d  o f  g e n e r a l  g row th  i n  s p r i n g .  
The s p e c i e s  u s u a l l y  p r o d u c e s  more t h a n  one i n t e r n o d e  
on t h e  l e a d i n g  s h o o t  p e r  y e a r .
The a p i c a l  m e r i s t e m s  o f  a l l  l i v e  n e e d l e  
f a s c i c l e s  have t h e  a b i l i t y  to  d e v e lo p  i n t o  lo n g  s h o o t s .
I n  young s e e d l i n g s  a l l  b r a n c h e s  d e v e lo p  i n  t h i s  way 
(Cremer 1973b)* T h is  p e r m i t s  r a p i d  r e c o v e r y  o f  t h e  
l e a d i n g  s h o o t s  i f  e x c e s s i v e  d e f o l i a t i o n  o c c u r s .
I n  v i g o r o u s l y  g rowing  t r e e s  r e p r o d u c t i v e  
m a t u r i t y  i s  r e a c h e d  a f t e r  a b o u t  n in e  to  t e n  y e a r s  
( F i e l d i n g  1960) .
3A wide range of disciplines is inevitably invol­
ved in a study of this nature, and an introductory review 
of all the relevant literature would be inappropriate and 
has not been attempted. Instead, relevant subject material 
has been introduced and literature reviewed within each 
chapter.
1.2 PINUS RADIATA AND ITS NATIVE HABITAT
P. radiata belongs to the group "Insignes", or 
closed cone pines, which are characterized by their special 
habit of retaining their cones on the tree for a number 
of years, with periodic opening and closing of the cone 
scales as a response to changing weather conditions. This 
habit ensures that seed is released over a period of years, 
giving the seed extended opportunities to find favourable 
conditions for successful germination and establishment 
(Scott 1960). This type of cone habit is called "serotinous"•
P. radiata is relatively short lived, the average 
life span being not more than 80 to 90 years with very 
few trees reaching 150 years (Lindsay 1932). It reaches 
a height of 21 to 34 m at maturity (Scott 1960).*
P. radiata is native to three small areas on the 
central Californian coast, spanning a range of about 190 
km and growing on an area of about 6400 ha (Forde 1966).
The major stands occur at Ano Nuevo Point, Monterey and 
Cambria which are at latitudes of 37° 5 36-2° and 35i° N 
respectively. The climate of these areas is mild with only 
a small amount of frost and no snowfalls. Temperatures 
reach 38°C in summer but these are moderated by the high 
humidities and heavy fogs which commonly occur during summer. 
Annual rainfall varies from 710 mm in the north to i+30 mm 
in the south. However, considerable moisture is thought 
to be directly absorbed through the foliage during the 
frequent heavy summer fogs, and the absence of P. radiata
*See footnote on opposite page
4outside the fog belt is thought to be associated with this 
feature (Forde 1966). In the drier parts of its range 
shallow soils can play an important role in limiting its 
distribution (Lindsay 1932).
In its native habitat, P. radiata colonizes aban­
doned pasture or grazing land which had previously been 
covered by pines (Lindsay 1932, Forde 1966).
1.3 INVASION OF PLANT COMMUNITIES BY FOREST TREE
SPECIES
1.3.1 Colonization of Abandoned Fields
A large number of workers have studied the invasion 
of abandoned farmlands by tree species from adjacent forests. 
Studies of this nature have concentrated on the patterns 
of succession from open grasslands to closed forest (e.g. 
McQuilkin 1940, Bard 1932, Bazzaz 1968, Bullington 1973)•
A conclusion common to most of the studies on 
old field succession is that the relative abundance and 
density of invading tree species is primarily related to 
the proximity of and quality of seed sources (McQuilkin 
1940, Bullington 1973). Of secondary importance in con­
trolling the establishment of tree seedlings are environ­
mental factors. These often influence establishment through 
their influence on seed-soil water relationships (McQuilkin 
1940, Paynal and Bazzaz 1973? del Moral and Deardorff 
1976). It is apparent that in studies of this nature, the 
original vegetation (pasture species) offers little resis­
tance to colonization by tree species. This is generally 
not the case for natural plant communities which, in an 
undisturbed state, are frequently highly resistant to invas­
ion from alien species (Elton 1958). The two situations 
are, therefore, considered to be quite different and hence, 
studies on abandoned fields are not considered to be of
5direct relevance to the study of invasion of forest trees 
into natural communities.
1.3.2 Invasion of Conifers into Native Plant Communities
in the Southern Hemisphere
A large number of exotic conifer species have been 
planted extensively in the temperate regions of the south­
ern hemisphere with great success. Many of these have 
become valuable timber-producing species but unfortunately 
a number of species have successfully migrated from forest 
plantations or roadside plantings into native plant com­
munities. However, despite the widespread nature of the 
problem, there is little published information on invasion, 
and the literature which is available is mostly descriptive.
Of particular importance is the large number of 
species from the genus Pinus which have been observed to 
actively spread from plantations. There is a general absence 
of native Pinus species from the temperate regions of the 
southern hemisphere and the notable success of introduced 
species is, therefore, of considerable interest.
(A) Pinus radiata
P. radiata has been planted on a large scale as 
a successful exotic in New Zealand, South Africa, Australia 
and Chile (Scott 1960).
(i) New Zealand
In New Zealand P. radiata is an aggressive colonist 
of bare lava on Rangitoto in Auckland harbour (Millener 
1965) but invasion of native forest communities is generally 
restricted to areas which have been modified by grazing, 
burning, logging, roading or erosion (Chavasse 1979)- 
Bannister (1965) cites an example of P. radiata invading 
poor hilly country near Ashley forest in the South Island 
of N.Z. He noted substantial regeneration up to 1.5 km
6from the parent stands and also commented on the second 
generation of pines which is now emerging adjacent to 
the parent trees.
(ii) South Africa
P. radiata does not grow extremely well in South 
Africa and it has only been reported to have a slight 
tendency to invade undisturbed natural vegetation (Cow­
ling et al. 1976).
(iii) Australia
In Australia there is a growing concern over the 
invasion of eucalypt forest by P. radiata, particularly in 
South Australia where it has invaded a significant pro­
portion of the state's limited area of native forest reserves.
Dawson (1975) studied the invasion of P. radiata 
in 50 ha of dry sclerophyll eucalypt forest in the A.C.T. 
and noted both temporal and spatial patterns of invasion. 
Similarly, Burdon and Chilvers (1977) studied a small area 
of forest of similar composition to that studied by Dawson 
(1975) and concluded that there are strong temporal pat­
terns of pine invasion and that there is a distinct clus­
tering of young pine seedlings, which could be partly the 
result of a second generation of pines regenerating near 
the parent trees within the eucalypt forest.
Near Ballarat, Victoria, Stabb (1974) found that 
P. radiata invades Eucalyptus obliqua and mixed E. obliqua,
E. dives, E. radiata communities at low densities up to 
about 500 m from pine plantations. Similarly, in the Myrtle- 
ford district P. radiata invades mixed E. radiata, E. dives,
E. macrorhyncha communities and now accounts for 3% of the 
total basal area in some communities (Moulds pers. comm.). 
Invasion has been observed to occur up to 800 m from plan­
tations but is notably absent in areas which are regularly 
control burnt for fuel reduction purposes (Moulds pers. 
comm.).
7A recent study by van der Sommen (1978) on the 
invasion of E. baxteri-E. obligua communities in South 
Australia showed that levels of pine invasion were closely 
related to seed supply factors, distance from plantations 
and soil moisture levels, and that disturbed forest com­
munities were much more susceptible to invasion than undis­
turbed.
Records of the naturalization of P. radiata can 
also be found in various flora. The species is listed as 
naturalized in Victoria (Willis 1962), South Australia 
(Eichler 1976) and Tasmania (Curtis 1956).
The remaining studies on the colonizing behaviour 
of P. radiata are concerned with the regeneration of P. 
radiata forests after logging or fire. Fielding (1947) 
made extensive observations of the behaviour of the natural 
regeneration of P. radiata in South Australia and concluded 
that regeneration is greatly reduced if unprotected from 
rabbits or covered by dense slash. Pryor (1945) made obser­
vations on the changes in plant species composition of a 
clear-felled area in the A.C.T. and concluded that pine 
regeneration was minimal after the development of heavy 
competition :from perennial grasses four years after clear 
felling. More recently, Fearnside (1974) studied the natural 
regeneration of P. radiata within pine plantations and forest 
coupes after logging and outlined the major limiting factors 
to pine regeneration and seedling development. He noted 
the importance of both soil moisture and wide fluctuations 
in seed production over different seasons, in limiting pine 
regeneration. He also noted that after wildfires profuse 
regeneration occurs as a result of massive seed falls which 
follow the death of the parent trees. Similar observations 
on the profuse regeneration of P. radiata after wildfire 
were made in New Zealand by Fenton (1951) who recorded 
regeneration at densities of 1-2 million seedlings per 
ha. Such high densities of regeneration left the crops
'Tty*"
8highly susceptible to insect attack, and losses from Hylastes 
alter, Ctenopseustis obliquana and Sirex noctilio were 
very high,
(iv) Chile
Natural regeneration following logging is profuse 
in Chile (Scott 1960) but no records could be found relating 
to its ability to invade native vegetation.
(B) Species other than P, radlata 
(i) New Zealand
By far the best known invasive conifer in New 
Zealand is P. contorta. This species has been planted on 
a large scale in the North Island where it is an aggressive 
invader of native tussock grasslands on the volcanic plateau 
(Wardrop 1964? Benecke 1967? Healy 1973)* P. contorta 
produces seed at an early age (Benecke 1967)? its seed 
can spread up to 8-16 km in strong winds (Wardrop 1964? 
Bannister 1965) and. it can regenerate profusely given plenty 
of light and freedom from competition (Benecke 1967)•
However, its spread into forested areas is normally res­
tricted to areas disturbed by logging, burning, grazing, 
roading or soil erosion (Chavasse 1979)* Active spread 
of P. contorta is a fairly recent phenomenon as there 
are few examples of seedling establishment prior to 1950-52  
(Wardrop 1964? Benecke 1967)* This date coincides with 
the time of effective rabbit control in New Zealand and 
the lack of regeneration prior to 1950 is attributed to 
grazing pressures from rabbits (Benecke 1967).
Other invasive conifers in New Zealand include 
Pinus mugo, P. pinaster, P. silvestris, P. taeda, Crypto- 
meria .japonica, Chamaecyparis lawsoniana and Sequoia sem- 
pervirens (Chavasse 1979). However, with the exception 
of Sequoia, these species only invade forests which have 
been disturbed in some way. Sequoia is able to tolerate
9considerable shade and can apparently invade undisturbed 
forests.
(ii) South Africa
A wide variety of exotic plant species have suc­
cessfully colonized the native veld (or shrublands) in 
South Africa. The invasion by Pinus pinaster and a number 
of Australian Acacia species is so severe that biological 
control has been suggested as the only effective means of 
protecting the native communities (Taylor 1969)« Kruger 
(1977) in discussing the problem of P. pinaster invasion 
in the Cape fynbos (shrublands) suggests that the pine 
has a competitive advantage over the native shrubs due 
to its earlier shoot growth in spring, ability to maintain 
growth through summer, faster height growth, greater longe­
vity and better survival of fires than the seed regenerating 
fynbos shrubs. He considers that near total suppression 
of other plant species is achieved, resulting in the com­
plete transformation of natural communities into P. pinaster 
forest over wide areas. Such a transformation has far- 
reaching effects such as decreased stream runoff, increased 
fire hazard and increased soil podzolization (Kruger 1977)•
The only other well-known invasive conifer in 
South Africa is P. halepensis which invades mountain slopes 
on a small scale (Control of Alien Vegetation Committee 
1959).
(iii) Australia
There are a limited number of pines which have 
demonstrated a restricted colonizing ability in Australia, 
but none matches the aggressive colonizing behaviour of 
P. pinaster in South Africa.
Stabb (1974) reported the invasion of P. nigra 
in dry sclerophyll E. obliqua and mixed E. obliqua, E. dives,
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E. radiata communities near Ballarat, Victoria, He found 
distinct temporal patterns in the regeneration and commented 
that the oldest regeneration was only 20 years old, despite 
the fact that the parent trees were 7h years old. He fur­
ther commented on the importance of the speed and direction 
of the morning winds during November in determining pine 
regeneration density at any one point,
P, elliottii is extensively planted in Queensland 
and prolifically invades disturbed sites close to pine 
plantations (Shea pers. comm,). However, invasion of rela­
tively undisturbed scientific reference areas is far less 
than disturbed sites similarly placed in relation to plan­
tations.
There are only a few isolated records of other 
invasive conifer species in Australia. P. pinaster is 
recorded as naturalized in South Australia (Eichler 1965), 
Victoria (Willis 1962) and near Sydney (Beadle et al, 1972) 
and has been observed to invade disturbed low altitude 
eucalypt communities in the A.C.T. (personal observation).
P. contorta and P. mugo have been observed to invade E. 
pauciflora-E. dalrympleana communities from arboreta above 
1200 m in the A.C.T. (personal observation).
Although most of the literature on conifer invasion 
in the southern hemisphere is fairly descriptive, there 
are a few important points which can be drawn from it.
Of all the conifers introduced into the southern 
hemisphere, the Pinus genus is the most outstanding both 
in terms of its extremely high productivity from the timber 
production point of view, and in terms of its capacity to 
colonize native plant communities. The colonizing behaviour 
of the genus is not unexpected, however, as pines are well 
known as pioneer species in their native habitats. Mirov 
(1967)5 in summarizing the pioneer nature of Pinus, states:
"Remarkable is the pioneer capacity of 
pines to occupy denuded or disturbed areas caused 
by glaciation, volcanic activities and grazing. 
Apparently fire has been a very important factor 
in the life of pines throughout geological ages. 
Fire is responsible for perpetuation of pine 
savannas.
In dispersal of pine seeds wind appears 
to be the most important factor, but even so, 
it is of only local importance. Only under certain 
climatic conditions (high winds) can pine seeds 
be carried over long distances." (p. 457)
Mirov’s (1967) comments closely match the observed 
colonizing behaviour of pines in the southern hemisphere. 
Most examples of pine invasion occur within a few kilo­
metres of a seed-bearing plantation in forests which have 
been disturbed in some way. Furthermore, regeneration is 
often profuse following fire. However, disturbance does 
not appear to be a prerequisite for invasion in all cases, 
as demonstrated by the invasion of P. pinaster into South 
African veld and P. contorta into New Zealand tussock 
grasslands.
Because pines are not normally capable of dis­
persing seed more than a few kilometres, patterns of invasion 
are strongly dependent on the distance to parent trees and 
annual variations in seed production and weather conditions 
at the time of seed dispersal. This has produced strong 
temporal and spatial patterns in pine invasion.
1.4 INVASION OF DRY SCLEROPHYLL EUCALYPT FORESTS BY
PINUS RADIATA IN THE A.C.T.
There is currently about 13?000 ha of P. radiata 
plantation in the A.C.T. and approximately 200 km of pine 
plantation boundary. About 50% of the plantation boundary 
adjoins native eucalypt forest and in a number of areas 
P. radiata has been observed to colonize the eucalypt 
forest (Dawson 1975> Burdon and Chilvers 1977)*
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This study examines two major aspects of P, radiata 
invasion in the A.C.T. These are:
(1) the factors which currently control the distri­
bution of P. radiata invasion in eucalypt forests, 
and
(2) the factors which allow P. radiata to regenerate 
and develop within the eucalypt forest while most 
eucalypt seedlings fail to develop past the ligno- 
tuberous seedling stage.
In addressing these two main areas of study, the 
experimental work is presented in three major parts.
Part I examines the spatial and temporal patterns 
of pine invasion. Hypotheses on the nature of the patterns 
identified in this section were then used to provide a 
framework for further experimental work.
Part II examines a number of factors responsible 
for the patterns of invasion and includes a series of 
experiments on various stages of the establishment phase.
Part III examines possible reasons why P. radiata 
is so successful in developing within the eucalypt forest 
by studying various aspects of competition between the pines 
and the eucalypts. Three major studies are described in 
Part III. These cover root distributions of the pines and 
eucalypts and detailed studies on the seasonal growth 
patterns, and seasonal patterns of water use, of the pines 
and eucalypts.
The study area
Experimental work was conducted in eucalypt forests 
adjacent to the Uriarra and Pierce’s Creek pine plantations 
in the Brindabella ranges, 20 km to the west of Canberra. 
Experimental areas were located in mountainous terrain 
in the Cotter River and Paddy’s River valleys at altitudes
13
ranging from 300 m to 1200 m. The climate, vegetation, and 
geology and soils are briefly described below.
(a) Climate
The climate of the study area is of a continental 
type with summer temperatures reaching heatwave conditions 
about twice each year and with winter temperatures fre­
quently around freezing. Snowfalls occur at the higher 
altitudes (1200 m) most winters but there is no permanent 
snow in the study area. Frosts are frequent during winter 
and occur at a frequency of 100 to 140 per year (Rout and 
Doran 1974).
Short term meteorological data indicate consider­
able variation in rainfall over the study area and that 
rainfall increases with increasing altitude. The year to 
year variability in the amount and incidence of rainfall 
is appreciable (Rout and Doran 1974). The average monthly 
rainfall recorded at Pierce’s Creek forestry settlement 
(620 m) and at Blundell’s Trig. (1047 m) are shown in 
Fig. 1.1 and an isohyet map for the A.C.T., published by 
the Bureau of Meteorology (1968), is reproduced in Fig.
1.2. Variability in summer rainfall is high and short summer 
droughts are common.
Average monthly maximum and minimum temperatures 
recorded at Blundell’s Trig, and Vanity’s Crossing meteoro­
logical stations are presented in Fig. 1.3. Temperatures 
occasionally rise above 30°C for short periods during summer 
and frequently fall below zero during winter. A more detailed 
summary of the climate of the Cotter River catchment can 
be found in the Cotter Resource Survey (Resource and environ­
ment consultant group, Forestry Dept, A.N.U. 1973).
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Blundell’s Trig. -  1047 m
620  mPierce’s Creek
FIG. 1.1 Mean m onthly  r a i n f a l l s  f o r  th e  P i e r c e ’ s Creek 
and B l u n d e l l ' s  T r i g ,  r a i n f a l l  s t a t i o n s  ( d a t a  
c om pi led  by R esource  and en v i ro n m en t  c o n s u l t a n t  
g ro u p ,  F o r e s t r y  Dept ,  A.N.U. (1973) and Rout 
and Doran ( 1 9 7 4 ) ) •
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FIG. 1.2 Mean annual rainfall distribution in the A.C.T.
(Bureau of Meteorology, Australia 1968), Rainfall 
figures are for all available years of record 
to 1965 inclusive.
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FIG. 1 .3  Mean m onthly  maximum and minimum t e m p e r a t u r e s  
f o r  th e  V a n i t y ’ s C r o s s in g  and B l u n d e l l ’ s T r i g ,  
m e t e o r o l o g i c a l  s t a t i o n s  ( d a t a  com pi led  by Resource  
and e nv ironm en t  c o n s u l t a n t  g r o u p ,  F o r e s t r y  Dept ,  
A.N.U. (1 9 7 3 ) .
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(b) Vegetation
The study area is dominated by low open to open 
forest (Specht 1970) but with some tall open forest on the 
more sheltered slopes and gullies. The dominant eucalypt 
species are E. macrorhyncha and E. rossii* at the lower 
altitudes, E. dives and E. mannifera subsp. maculosa on 
the sheltered low altitude sites and at higher altitudes,
E. robertsonii and E. viminalis in the gullies and on steep 
sheltered slopes and E. robertsonii and E. dalrympleana 
at the upper altitudinal range of the study area. The 
understorey is fairly open and dominated by low shrubs 
of the Epacridaceae, Myrtaceae and Papilionaceae, and 
generally with a taller stratum of Acacia spp, A well- 
developed herbaceous stratum exists on the more sheltered 
sites.
(c) Geology and Soils
The two major geological strata represented in 
the study area are late Ordivician sediments (sandstone, 
siltstone, shale and slate) and late Silurian volcanics 
(dacite and tuff). A small area of the Murrumbidgee batho- 
lith (Late Silurian biotite,adamellite, leucogranite and 
granite) is also represented.
The soils in the study area are broadly influenced 
by geology, topography and climate (Pryor 1939)* The Ordi­
vician sediments generally form rock outcrops on the steepest 
slopes; coarse-textured shallow red podzolics and red earths, 
with much topsoil humus under heavy litter at high altitudes, 
decreasing at lower altitudes, on sheltered midslopes, 
with similar profiles on exposed midslopes but with much 
less organic matter; and coarse detritus with weakly-developed 
profiles on the footslopes. On the footslopes humus content 
increases in the moist gullies and well-developed yellow
*Nomenclature of species follows Burbidge and Gray (1976).
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podzolics have formed on the undulating land at the lower 
altitudes of the study area.
The Silurian volcanics generally form rock out­
crops and shallow coarse red earths on the steepest slopes; 
fairly deep, well-weathered, well-drained to droughty pod­
zolics on the midslopes, with more topsoil, humus and litter 
on the sheltered aspects; and deep sandy and gravelly yel­
low podzolics on the footslopes where soils are generally 
moist and well-drained and often overlie compacted sub­
soils.
The Silurian intrusives are only found on foot- 
slopes in the study area and form poorly developed red or 
yellow podzolics on areas of restricted drainage, and 
pass to red forest loams and red earths on better-drained 
areas.
EXPERIMENTAL WORK
PART I
PATTERNS OF PINE INVASION IN EUCALYPT FORESTS
It is possible that the patterns of pine invasion 
are related to patterns already present in the eucalypt 
forest and that certain types of forest are more susceptible 
to invasion than others.
This section of experimental work consists of three 
chapters. Chapter 2 describes a preliminary survey of invasion 
where the major invasion patterns are identified. This is 
followed by a study of the spatial and temporal patterns 
of pine invasion in various invaded forests (Chapter 3)•
In Chapter A a more detailed examination is made of the 
patterns of invasion by using computer-based multivariate 
analysis techniques.
20
CHAPTER 2
PRELIMINARY SURVEY OF INVASION 
IN LOCAL EUCALYPT FORESTS
2.1 INTRODUCTION
Pinus radiata invades various types of eucalypt 
forest at varying intensities. Invasion does not occur 
from all pine plantation boundaries and it is evident that 
certain conditions must be met before invasion can occur.
The conditions required for successful invasion are not 
readily recognized.
As a first step towards identifying those factors 
which control pine invasion, a broad reconnaisance survey 
was made during spring 1976 over the 90 km of eucalypt- 
pine boundaries in Pierces Ck and Uriarra Pine Forests 
(Fig. 2.1). Observations on pine invasion involved sites 
representing a wide range of environmental conditions and 
levels of pine invasion. For example, the altitudinal range 
of survey sites was 500 m to 1150 m, the two major geolo­
gical strata of the region (granites and interbedded sand­
stones and shales) were represented and the complete range 
of vegetation types from depauperate open forests at low 
altitudes to mesic tall open forests at high elevations 
(1000 m) were covered. The survey had two aims:
1) To record for each site, descriptive information
on environmental, floristic and structural features 
of the forest and to relate this to degrees of 
of pine invasion so that the major environmental 
factors influencing invasion patterns could be 
identified; and
2) To document the major invasion sites and identify 
those suitable for future experimental work.
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FIG. 2.1 L o c a t i o n  o f  sa m p l in g  s i t e s  f o r  p r e l i m i n a r y  
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2.2 METHODS
The total pine-eucalypt boundary within Pierces 
Ck and Uriarra Forests was inspected. Sampling sites were 
chosen subjectively to give a complete coverage of these 
boundaries as well as to highlight contrasts between invaded 
and non-invaded sites. Sites were located at varied distances 
from the pine plantation ranging from 100 m to 1.8 km. The 
survey was envisaged as a preliminary resume of invasion and, 
therefore, many qualitative measurements were used in deter­
mining invasion-environmental relationships in preference 
to the use of more time consuming quantitative measures.
A total of 92 sites were examined (Fig. 2.1), 
and at each site a range of descriptive data were collected. 
Information recorded included altitude, aspect and slope 
parameters, a number of edaphic factors, location of site 
with respect to potential seed sources, and the condition 
of the eucalypt stand, particularly the vigour of the over­
wood and the nature of the understorey. Table 2.1 presents 
the data collected and methods of data collection. Plotless 
sampling was used and at each site the descriptive record 
related to all forest similar in structure to and visible 
from the defined sampling point.
The data were divided into sites with no pine invasion 
(43 sites), and sites with invasion (49 sites). The two 
sets of data were then compared using the chi-square test 
for comparing qualitative data and using the t test for 
continuous data. Variables associated with pine invasion 
could then be identified when significant differences occurred. 
In some multistate variables certain categories had to be 
grouped when using the chi-square test which requires expected 
frequencies to be greater than 2 and ideally greater than 5.
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TABLE 2.1 Data collected and methods of data collection for preliminary survey 
of invasion.
VARIABLE M E THOD
Slope Measured with clinometer
Aspect Measured wi t h  compass and c a tegorized as either N, NE, E, 
SB, S, S'.V, W, NW
Altitude of site Estimated from 1:100,000 Division of National Mapping 
Topographic Map
Amount of exposed 
rock
Visual estimate of percent rock cover using the following 
categories:
1 . 0 -  20$ if. 60 - 80%
2. 20 - h0% 5. 80 - 100$
3. 40 - 60$
Soil type Soil extracted with auger and categorized as either:
1. red loam
2. podzol
Soil texture Categorized as either:
1. sandy loam 5* candy clay loam
2. loam it. silty clay loam
Topsoil organic 
matter content
Colour of topsoil used to visually estimate organic matter. 
Categorized as:
1. nil - very low if. moderate - mod. high
2. very low - low 5* mod. high - high
3. low - moderate
Stoniness of soil Visual estimate using above categories
Parent material Determined from field o b s e r vation in conjunction with the 
Bureau of Mineral Resources G e ological Series 1:100,000 
Brindabella Sheet
Distance to nearest 
westerly pine 
plantation and to 
nearest pine 
plantation
Distance from site to pine p lantation measured either by 
pacing or by measuring directly from 1:100,000 topographic 
map. The prevailing winds are westerlies, hence the impor­
tance of the westerly pine plantation.
Vertical distance 
between the site 
and nearest 
westerly pine 
plantation and 
site and nearest 
pine plantation
Measured from 1:100,000 topographic map
Age of nearest 
pine plantation 
, and nearest 
westerly pine 
plan tation
Determined from A.C.T. Forests Branch compartment maps
Position on slope Categorized as either:
1. ridge top 3» flat ground o n  midslope
2. midslope Zf. gully
Dominant eucalypt 
association
Categories used were those defined in the Cotter Resource 
Survey* and are listed below:
1. Snow Gum (SG) E. pauciflora
2. Alaine Ash (AA) E. dolegatensis: E. dalrympleana
3. Brown Barrel (SB) E. fnstigata: E. viminalis
Zf, Upner Peppermint (UP) E. dives; E. robertsonii: 
E. dal.rympleana
3. Lower Peppermint (LP) E. dives; E. robertsonii: 
E. m.onni. f o r a : E. viminalis
6. Scribbly Cum (SR) E, rossii; E. macrorhyncha:
E. di ves; E. m.-nni f era: E. bridgosiana 
An additional category was included:
7. Box E. r.olliodora; E. goni.ocalvx
♦Resource and environment consultant group, Forestry Dept., A.N.U. (1973)*
TABLE 2.1 (cunlinued)
VARIABLE METHOD
Stocking of trees Visually assessed as either:
1. fully stocked 3« sparsely stocked
2. moderately stocked 4. scattered trees
Understorey cover Visually assessed as either:
1. dense 3» sparse
2. moderate 4. scattered shrubs or
bushes
Grass cover Visually assessed as either:
1. thick 4. scattered grasses
2. moderate 5. absent
3. sparse
Condition of 
dominants
Visually assessed as either:
1. vigorous primary growth
2. moderate to weak primary grov/th
3. vigorous mature trees
4. mature trees with moderate to low vigour
5. healthy overmature trees
6. weak overmature trees
7. stand breaking up
Abundance of 
seedlings and 
ligno tubers
Visually assessed as either:
1. abundant 3* rare
2. common 4. absent
Abundance of 
advance growth
Visually assessed using the above categories
Rainfall Estimated from Cotter Resource Survey* isohyet map.
Pine invasion Assessed visually as cither:
1. abundant - pines scattered throughout the area
2. common - nines throughout the area but no areas
of dense invasion; no large areas without pines
3. infrequent - patchy distribution; some areas with
vei-y few pines
4. rare - only occassional pines; pines cannot be seen
from every point in the forest
5. absent
♦Resource and environment consultant group, Forestry Dept., A.N.U. (1973).
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2 . 3  RESULTS
The i n v a d e d  s i t e s  were found to  be s i g n i f i c a n t l y  
d i f f e r e n t  from th e  n o n - in v a d e d  s i t e s  w i t h  r e s p e c t  to  a 
number o f  f e a t u r e s .  They can be c o n v e n i e n t l y  p r e s e n t e d  u n d e r  
th e  h e a d i n g s  o f  q u a n t i t a t i v e  v a r i a b l e s ,  which i n c l u d e  v a r i ­
a b l e s  such  a s  a l t i t u d e  and age o f  n e a r e s t  p in e  p l a n t a t i o n ,  
and q u a l i t a t i v e  v a r i a b l e s ,  which i n c l u d e  v a r i a b l e s  such as  
dom inant  e u c a l y p t  s p e c i e s  and th e  c o n d i t i o n  o f  th e  u n d e r s t o r e y .
2 . 3 . 1  Q u a n t i t a t i v e  V a r i a b l e s
T ab le  2 . 2  sum m arizes  t h e  q u a n t i t a t i v e  v a r i a b l e s  
which were s i g n i f i c a n t l y  d i f f e r e n t  a t  a 95% c o n f i d e n c e  
l e v e l .  These  a r e  a l t i t u d e ,  age o f  n e a r e s t  p in e  p l a n t a t i o n  
i n  a w e s t e r l y  d i r e c t i o n ,  age o f  n e a r e s t  p in e  p l a n t a t i o n  
and th e  v e r t i c a l  d i s t a n c e  be tw een  the  s i t e  and th e  n e a r e s t  
w e s t e r l y  p i n e  p l a n t a t i o n .
TABLE 2 . 2  Q u a n t i t a t i v e  v a r i a b l e s  a s s o c i a t e d  w i th  p in e  
i n v a s i o n .
V a r i a b l e Mean S td  E r r o r t  v a l u e a
A l t i t u d e  (m) i n v a d e d  s i t e s  
n o n - in v a d e d
7 5 3 .5  
882.  1
2 6 .3
2 0 .0
3 .90
Age o f  n e a r e s t  
w e s t e r l y  p in e  
p l a n t a t i o n  
( y e a r s )
i n v a d e d  s i t e s  
n o n - in v a d e d
2 7 .6
2 0 .8
1.46
1.90
2 .7 6
Age o f  n e a r e s t  
p in e  p l a n t a t i o n  
( y e a r s )
in v a d e d  s i t e s  
n o n - in v a d e d
3 3 .6
20.1
1 .40 
0 .9 7
7 .9 3
V e r t i c a l  d i s ­
t a n c e  be tween  
s i t e  and 
w e s t e r l y  p in e  
p l a n t a t i o n  (m)
i n v a d e d  s i t e s  
n o n - in v a d e d
- 194. 8 b 
- 513 .7
54 .5 3
71 .29
3 .6 0
a t  v a lu e  c a l c u l a t e d  f o r  c o m p ar iso n  be tw een  in v a d e d  and 
n o n - in v a d e d  s i t e s .
n e g a t i v e  v a l u e s  i n d i c a t e  s i t e  i s  above p l a n t a t i o n .
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Altitude
The altitude of the invaded sites was significantly 
lower than non-invaded sites. Invaded sites were predomi­
nantly located below about 800 m and virtually no invasion 
was recorded above 1000 m.
Age of nearest nine plantation in a westerly
direction
In the A.C.T. the prevailing winds are from the 
west and if wind is the major seed dispersal agency, the 
presence of a seed source to the west of a eucalypt stand 
could have an important influence over invasion. The age 
of the nearest westerly pine plantation was greater for 
invaded than non-invaded sites. This means that there has 
been a seed source to the west of the invaded sites for 
longer than for the non-invaded sites.
Age of nearest pine plantation
The age of the nearest pine plantation was greater 
for invaded than non-invaded sites. Furthermore, for invaded 
sites, the nearest pine plantation was 6 years older than 
the nearest westerly plantation. This suggests that the 
nearest plantation has been more important than the nearest 
westerly plantation in providing seed for pine regeneration.
Vertical distance between site and westerly pine
plantation
The majority of sites, both invaded and non-invaded, 
were located above potential westerly seed sources. The 
vertical distance between the westerly pine plantation and 
site was consistently greater for non-invaded sites than 
invaded sites. This means that seed would have to be lifted 
a greater vertical distance to reach non-invaded sites 
than invaded sites. This relationship had been expected 
to apply to both the nearest and nearest westerly pine 
plantations. However, there was no significant difference
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between invaded and non-invaded sites in vertical distance 
to the nearest pine plantation. This can be explained by 
the fact that although horizontal distance between sites 
and nearest pine plantations may have been great, the 
nearest pine plantation was, on average, only 20 m below 
the sampling sites and there was little variation between 
invaded and non-invaded sites.
The vertical distance which seed has to be trans­
ported is probably rarely limiting where the plantation 
is relatively close to the site in a horizontal direction. 
However, the further a site is from a pine plantation the 
more significant the westerly seed source is likely to 
become.
Slope and horizontal distance to nearest seed source 
and nearest westerly seed source were not significantly 
different for invaded and non-invaded sites. Presumably 
there was not enough variation in horizontal distance to 
the seed source for this analysis to show this factor as 
important in determining levels of invasion as it theore­
tically should have done.
2.3*2 Qualitative Variables
A number of qualitative variables were found to 
differ between invaded and non-invaded sites. Results are 
presented below for those variables which are significantly 
different at the 0.03 level.
Dominant eucalypt species
The dominant eucalypt species at each site were 
classified using the categories of the Cotter Resource 
Survey*. These were given in Table 2.1. The number of sites 
falling into each category are given in Table 2.3.
*Resource and environment consultant group, Forestry 
Dept., A.N.U. (1973).
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TABLE 2.3 Dominant eucalypt species for invaded and non- 
invaded sites.
Association Invaded
No.
Sites
%
Non-invaded
No.
Sites
%
Snow Gum (SG) 0 0 1 2
Alpine Ash (AA) 0 0 1 2
Brown Barrel (BB) 0 0 2 5
Upper Peppermint (UP) 4 8 3 7
Lower Peppermint (LP) 6 12 22 51
Scribbly Gum-
Red Stringybark (SR) 35 72 14 33
Box 4 8 0 0
Pine plantations have generally not been planted 
above about 1000 m. Thus, there was very limited sampling 
of those forest types which occur above this altitude 
(SG, BB and AA). Most of the pine plantations are within 
the altitudinal range 500 m to 1000 m and mainly replace 
vegetation in the lower peppermint and scribbly gum-red 
stringbark categories. Thus, the majority of sampling sites 
were in these forest types. Of the 28 sites in the lower 
peppermint category 79% were non-invaded and only 21% 
were invaded. The great majority of invaded sites were in 
the scribbly gum-red stringbark forests. Of the 49 sites in 
this category, 71% were invaded and 29% were non-invaded.
The higher altitude forest types (SG, AA and BB) 
were invasion free whereas all four sites in the lower 
altitude box forest type were invaded. About 50% of the 7 
sites in the upper peppermint category were invaded.
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Understorey cover
Shrub and grass cover descriptions for invaded and 
non-invaded sites are given in Tables 2.4 and 2.5-
TABLE 2.4 Understorey shrub cover.
Shrub Cover 
Description
Invaded
No.
Sites
%
Non-
No.
Invaded Sites
%
Dense 0 0 7 16
Moderate 7 14 14 33
Sparse 21 43 18 42
Scattered Shrubs 21 43 4 9
TABLE 2.5 Grass cover.
Grass Cover 
Description
Invaded
No.
Sites
%
Non-
No.
Invaded Sites 
%
Moderate 10 20 4 9
Sparse 16 33 5 12
Scattered Grasses 12 25 15 33
Absent 1 1 22 19 44
There is a progressive increase in invasion with 
decreasing shrub cover. For example on invaded sites shrub 
cover was recorded as moderate for 14% of the sites and was 
recorded as scattered shrubs for 43% of the sites. However, 
for non-invaded sites, 33% of sites had moderate shrub cover 
and only 9% had scattered shrubs.
30
In contrast there was an increase in invasion with 
increasing grass cover. For example, for invaded sites 
20% had moderate grass cover and 22% had no grass cover 
whereas with non-invaded sites, 12% had moderate grass cover 
and 1+1+%) had no grass.
The contrast between shrub and grass cover can be 
expected as they tend to be inter-related. On any one site 
a limited shrub cover may be associated with a substantial 
grass cover and vice versa.
Condition of dominant component in the forest and
abundance of advance growth
Tables 2.6, 2.7 and 2 .8 show the condition and
levels of stocking of the dominant trees and abundance
of advance growth for invaded and non-invaded sites.
TABLE 2.6 Condition of dominant trees.
Condition Invaded Sites Non-invaded Sites
No. % No. %
Vigorous primary 
growth
0 0 3 7
Vigorous mature 0 0 8 19
Mature 1 1 22 15 35
Healthy overmature 13 27 10 23
Weak overmature 17 35 6 14
Stand breaking up 8 16 1 2
The dominant trees in the invaded forests were 
of poorer quality than those in non-invaded forests. For 
example, for the invaded sites, 22%o of the dominant trees 
were described as mature or vigorous mature and 62%> were 
described as weak overmature or healthy overmature. This
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TABLE 2.7 Stocking of dominant trees.
Stocking Invaded Sites Non-invaded Sites
No. % No. %
Full 8 16 31 72
Moderate 30 61 1 1 26
Sparse 9 19 1 2
Scattered Trees 2 4 0 0
TABLE 2.8 Abundance of advance growth.
Abundance Invaded
No.
Sites
%
Non-invaded
No.
Sites
%
Abundant 1 2 5 1 1
Common 8 17 27 63
Rare 32 65 1 1 26
Absent 8 16 0 0
contrasts with the non-invaded sites which had 54% of the domi­
nant trees described as mature or vigorous mature and 
37% described as weak overmature or healthy overmature.
There were lower levels of stocking in the invaded 
forests compared to the non-invaded forests. For example,
16% of invaded sites and 72% of non-invaded sites were 
described as fully stocked whereas 61% of invaded sites 
and 26% of non-invaded sites were described as moderately 
stocked.
Advance growth was more abundant on invaded sites 
than non-invaded sites. Advance growth was described as 
abundant or common on 74% of the non-invaded sites but only
32
19% of the invaded sites. However, only 26% of non-invaded 
sites had advance growth described as rare or absent but 
81% of invaded sites had advance growth in these categories.
Parent material and soils
The parent materials and soils on invaded sites 
were significantly different from non-invaded sites (Tables 
2.9 and 2.10).
The parent materials of non-invaded sites are 
predominantly Ordivician interbedded quartzite and slate 
with some minor shert and siltstone. The invaded sites 
are more commonly on Ordivician interbedded sandstone, 
siltstone and shale and also on Silurian dacite and tuff. 
However, despite these differences, it is not clear whether 
it is parent material and associated soils per se that 
influence invasion, or whether it is the type of forest 
associated with the different parent materials which is 
the major influence. Invasion is most commonly associated 
with the scribbly gum-red stringybark and box (SR-Box) 
associations. These forest types are closely linked with 
the parent materials most commonly associated with invasion. 
Table 2.9 shows the parent materials associated with invaded 
and non-invaded sites together with parent materials associ­
ated with the SR-Box associations and other eucalypt associ­
ations. The invaded sites and the SR-Box associations have 
the same distribution of parent materials at a 95% con­
fidence level. Field observations indicate that invasion 
is more closely related to the dominant eucalypt association 
than to changes in parent material. Parent material is, 
therefore, considered to be of secondary importance in 
determining levels of pine invasion.
Invaded sites had significantly different soil 
types from non-invaded sites (Table 2.10). Invaded sites 
are commonly associated with both podzolic soils (45%) 
and red loams (55%)? whereas non-invaded sites are generally
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restricted to red loams (84%)« This relationship was expected 
as the two main soil types are closely linked with parent 
material and also with altitude (less podzols, and invasion, 
at higher altitudes).
TABLE 2.10 Soil type.
Soil Type Invaded Sites Non-invaded Sites
No. % No. %
Red loam 27 55 36 84
Podzolic 22 45 7 16
Topsoil organic matter was found to be lower on 
invaded sites than non-invaded sites. Topsoil organic 
matter was described as low-nil for 63% of the invaded 
sites and 31% of the non-invaded sites (Table 2.11). In 
contrast, 69% of non-invaded sites had organic matter des­
cribed as low-high but only 37% of invaded sites were in 
this category.
TABLE 2.11 Topsoil organic matter.
Organic Matter Invaded
No.
Sites
%
Non-invaded
No.
Sites
%
Nil - very low 1 2 0 0
Very low - low 29 61 13 31
Low - moderate 17 35 19 45
Moderate - mod. high 1 2 9 22
Mod. high - high 0 0 1 2
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As f o r  p a r e n t  m a t e r i a l ,  s o i l  t y p e s  a r e  c l o s e l y  
a s s o c i a t e d  w i th  v e g e t a t i o n  ty p e  and c o n d i t i o n  and i t  i s  
u n c l e a r  w h e th e r  i t  i s  s o i l  ty p e  o r  v e g e t a t i o n  ty p e  which 
h as  th e  m ajo r  i n f l u e n c e  ove r  i n v a s i o n .
R a i n f a l l
An e s t i m a t e  o f  r a i n f a l l  was o b t a i n e d  from an 
i s o h y e t  map o f  th e  C o t t e r  R iv e r  c a tc h m e n t  a re a*  and i t  
was found t h a t  r a i n f a l l  was lo w e r  on i n v a d e d  t h a n  on non- 
in v a d e d  s i t e s  (T ab le  2 . 12) .
TABLE 2 .1 2  R a i n f a l l .
R a i n f a l l  
(mm/annum)
Invaded
No.
Si t e s  
%
N on- invaded
No.
Sites
%
700 -  800 18 37 3 7
800 -  900 5 10 1 2
900 -  1 ,000 16 33 4 9
1 ,000 -  1 ,100 7 14 10 23
1,100 -  1,500 3 6 10 24
1,500 + 0 0 15 35
Most in v a d e d  s i t e s  r e c e i v e d  an e s t i m a t e d  a n n u a l  
r a i n f a l l  o f  l e s s  t h a n  1,000 mm w h ereas  most  n o n - in v a d e d  
s i t e s  r e c e i v e d  more t h a n  1,000 mm p e r  annum.
R a i n f a l l  i s  c o r r e l a t e d  w i t h  a l t i t u d e  and v e g e t a t i o n  
ty p e  and b e c a u se  i n v a s i o n  i s  m a in ly  a s s o c i a t e d  w i th  th e  
lo w e r  a l t i t u d e s  and the  s c r i b b l y  gum-red s t r i n g y b a r k  f o r e s t
*Resource  and e n v iro n m en t  c o n s u l t a n t  g ro u p ,  F o r e s t r y  D e p t . ,  
A.N.U. ( 1973) .
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type, the above relationship would be expected.
Aspect, rockiness of topsoil, amount of exposed 
rock, situation of site on slope and abundance of ligno- 
tubers for invaded sites were not significantly different 
from non-invaded sites at the 95% confidence level.
2.4 DISCUSSION
There are a number of factors associated with the 
invasion of P. radiata into eucalypt forests although no 
single factor or combination of factors can be shown to be 
of critical importance at this stage.
Pine invasion is restricted to the lower altitudes 
of the survey area and is usually below 800 m. This corres­
ponds with the lower rainfall regions of the Brindabella 
Range. There are few pine plantations above 1000 m but there 
are numerous arboreta in the higher parts of the Brindabella 
Range and, although P. radiata is commonly represented in 
these, it has not been observed to invade the native forests. 
The reasons for this are unknown but it is possible that 
the winter environment at these altitudes is too rigorous 
for young pine seedlings to survive. Winter snowfalls do 
not occur in the native environment of P. radiata (Lindsay, 
1932) and it is possible that the species is poorly adapted 
to snow conditions.
The dominant eucalypt species in invaded forests 
are E. macrorhyncha and E. rossii with E. dives, E. mannifera 
subsp. maculosa and E. bridgesiana often present. On the 
very dry sites on the Bullen Range, invaded forests are 
also associated with E. goniocalyx and E. melliodora. The 
invaded forest is often in poor condition with a declining 
overwood, low basal area and little advance growth. The 
understorey is usually fairly open, sometimes with a grassy 
forest floor.
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A number of invaded sites are shown in Figs 2.2 
and 2.3. Figs 2.2(a) and 2.3(h) represent invaded sites at 
altitudes of about 750 m in E. macrorhyncha-E. rossii forest. 
Fig. 2.2(b) is an invaded site at 650 m altitude in a mixed 
forest containing E. macrorhyncha, E. rossii, E. bridge- 
siana, E. nolyanthemos and E. mannifera subsp. maculosa.
Fig. 2.3(a) is a low altitude invaded site (580 m) on the 
Bullen Range. The dominant eucalypt species are E. gonio- 
calyx, E. rossii and E. macrorhyncha.
In contrast, the forests resistant to invasion 
are usually dominated by combinations of E. dives, E. macror­
hyncha and E. robertsonii with E. viminalis in the gullies. 
These forests often have a denser understorey and more 
advance growth. They are also associated with better soils 
and more sheltered aspects although aspect was not shown 
to influence invasion in this survey.
Some examples of non-invaded sites are illustrated 
in Figs 2.4 and 2.5* Fig. 2.4(a) is a low altitude non- 
invaded site on the Bullen Range (560 m) dominated by E. 
macrorhyncha. This is one of the poorer quality more open 
non-invaded sites. Fig. 2.4(b) is at 800 m altitude and in 
terms of floristics is similar to an invaded site, with 
E. rossii and E. macrorhyncha dominating the overstorey.
Figs 2.5(a) and (b) are more sheltered sites with E. macror­
hyncha, E. robertsonii and E. bridgesiana dominating the 
overstorey. These sites are typical of the non-invaded sites 
at altitudes of around 700-800 m.
Invasion is frequently absent from the more vigor­
ously growing eucalypt forests and it is possible that 
competition for resources is more severe in these forests, 
leading to the exclusion of P. radiata. However, in some 
instances P. radiata has regenerated under a dense forest 
canopy and understorey, indicating that given the right 
conditions P. radiata can grow under quite intense competition
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FIG. 2.2 Invaded sites; (a) site 44 (b) site 15
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(a)
FIG* 2.3 Invaded sites; (a) site 74 (b) site 43
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FIG. 2.4 Non-invaded sites; (a) north-west of site 41
(b) site 49.
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FIG. 2.5 Non-invaded sites; (a) west of site 43 (b) west of site 44
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from the surrounding vegetation.
Seed dispersal is of obvious importance to P. radiata 
invasion but the survey failed to emphasize its importance.
This may have been because the majority of sites had ade­
quate supplies of seed for invasion to occur. Density of 
invasion theoretically drops with increasing distance from 
the seed source but this relationship has been obscured by 
various other influences. Similarly, prevailing westerly 
winds must be an important vector for pine seed, but because 
adequate seed for invasion can be provided by other winds 
a nearby westerly seed source is not necessary for invasion 
to occur up to at least a few hundred metres.
Although the environmental conditions under which 
invasion is most likely to occur have been identified, examples 
were noted of complex patterns of invaded and non-invaded 
sites which could not be explained in terms of the evidence 
from the preliminary survey. More sophisticated methods 
of pattern analysis would be necessary to determine the 
environmental basis of such complex invasion patterns (Chap­
ter 4)*
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CHAPTER 5
TEMPORAL AND SPATIAL PATTERNS IN SEED 
DISPERSAL AND REGENERATION OF PINUS RADIATA
3.1 INTRODUCTION
B e fo re  any d e t a i l e d  s t u d i e s  on th e  i n f l u e n c e  o f  
s t a n d  c o n d i t i o n  and e n v i r o n m e n t a l  f a c t o r s  on p a t t e r n s  o f  
p in e  i n v a s i o n  c o u ld  be made, i t  was n e c e s s a r y  to  d e f i n e  
how f a r  p i n e  i n v a s i o n  n o rm a l ly  s p r e a d s  from p a r e n t  p l a n t a ­
t i o n s ,  and to  g a in  a b e t t e r  u n d e r s t a n d i n g  o f  v a r i a t i o n s  
i n  th e  l e v e l s  o f  p in e  i n v a s i o n  w i th  t im e .
D ur ing  th e  p r e l i m i n a r y  su r v e y  o f  i n v a s i o n  i t  was 
o b s e r v e d  t h a t  t h e r e  was a wide r a n g e  o f  s i z e s  o f  P.  r a d i a t a  
r e g e n e r a t i o n  p r e s e n t  on most in v a d e d  s i t e s ,  and t h a t  t h e r e  
were more t r e e s  i n  some s i z e  c l a s s e s  t h a n  o t h e r s .  I f  t h e r e  
i s  a  c o n s i s t e n t  a g e - s i z e  r e l a t i o n s h i p  w i t h i n  th e  i n v a d i n g  
p i n e s ,  t h e n  t h i s  would s u g g e s t  v a r i a t i o n  i n  th e  amount 
o f  i n v a s i o n  w i th  t im e .  I f  t e m p o r a l  p a t t e r n s  o f  i n v a s i o n  
a r e  n o t  c o n s i s t e n t  be tween d i f f e r e n t  f o r e s t  s t a n d s ,  and 
a r e  n o t  p r o p e r l y  u n d e r s t o o d ,  th en  any d e t a i l e d  s t u d i e s  on 
p a t t e r n s  o f  i n v a s i o n  c o u ld  be co n founded  by t h i s  so u rc e  
o f  v a r i a t i o n .  F u r th e r m o r e ,  t h e  u n d e r s t a n d i n g  o f  f a c t o r s  
which i n f l u e n c e  t e m p o r a l  i n v a s i o n  p a t t e r n s ,  i n c l u d i n g  th e  
t ime o f  i n i t i a t i o n  o f  i n v a s i o n  would a s s i s t  i n  t h e  p l a n n i n g  
and i n t e r p r e t a t i o n  o f  f u t u r e  s t u d i e s  o f  i n v a s i o n  p a t t e r n s .
I t  was, t h e r e f o r e ,  e s s e n t i a l  t h a t  t e m p o r a l  p a t t e r n s  o f  i n v a s ­
i o n  be s t u d i e d .
An e x a m in a t io n  o f  s p a t i a l  l i m i t s  to  i n v a s i o n  was 
n e c e s s a r y  to  e n s u r e  t h a t  i n f o r m a t i o n - g a t h e r i n g  on p a t t e r n s  
o f  p in e  i n v a s i o n  was r e s t r i c t e d  to  a r e a s  w i t h i n  t h e  seed  
d i s t r i b u t i o n  ran g e  o f  s o u rc e  p l a n t a t i o n s .
T h is  c h a p t e r  d e s c r i b e s  s t u d i e s  on th e  r e l a t i o n s h i p  
be tw een  p i n e  r e g e n e r a t i o n  on a number o f  s i t e s  and d i s t a n c e
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from the seed source (spatial variation) and the age class 
distributions of pine regeneration in three different invaded 
forests (temporal variation).
3.2 MAXIMUM SEED DISPERSAL DISTANCE OF PINUS RADIATA
3.2.1 Introduction
Whenever hot dry weather occurs in the A.C.T.
P. radiata is likely to shed some seed from its serotinous 
cones (Fearnside 1974)* The seed of P. radiata is winged 
and wind dispersal is the primary dispersal mechanism although 
birds may also contribute towards seed dispersal. Seed 
can be blown substantial distances from the tree. The 
distance the seed travels will depend on the wind velocity, 
the terminal velocity of the seed and the vertical distance 
through which the seed falls. Air turbulence and updraughts 
can modify the dispersal distance and under some conditions 
can lift the seed to substantial altitudes before dropping 
it far from its source.
Cremer (1971) found the terminal velocity of
_ iP. radiata seed to be 0.98 ms which is a relatively 
low speed when compared with other conifers (Siggins 1933? 
Cremer 1971). This gives P. radiata the ability to disperse 
seed over comparatively large distances; eg. a seed dropped 
from 30 m in a 50 km/hr wind would travel 425 m. Cremer 
(1971) noted that slight updraughts in a sheltered area 
caused some P. contorta seeds to be lifted up out of sight.
In stronger updraughts P. radiata seed would behave in a 
similar fashion, greatly increasing dispersal distance.
Pine seeds are palatable to many bird species and 
in the A.C.T. large numbers of cockatoos and parrots frequent 
the pine plantations where they feed on the seed. In West­
ern Australia the white-tailed black cockatoo (Calyptor- 
hynchus funereus baudinii) is well known for its habit 
of tearing off pine cones from P. pinaster and then ripping
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the cone apart and extracting its seed (Perry 1948). Large 
flocks of cockatoos can completely strip the entire cone 
crop from a plantation. When feeding yellow-tailed black 
cockatoos (C. funereus funereus) are disturbed from planta­
tions in the A.C.T. they can carry partially eaten cones 
with them for short distances before dropping them (Dawson 
1975) and spreading a quantity of seed. It is also possible 
that some seed may pass through the bird’s digestive system 
undamaged, although most seed would be digested or damaged 
as the cockatoo removes the seed coat with its bill before 
swallowing the kernel (Perry 1948). Seed dispersed by these 
methods may in some cases represent a significant propor­
tion of the total seed being dispersed into the eucalypt 
forest.
Theoretically the quantity of pine seed entering 
the eucalypt forest should decrease rapidly with increasing 
distance from the pine plantation boundary, although the 
rate at which seed supply diminishes varies greatly between 
sites depending on local topography and wind effects.
In Victoria P. radiata has spread commonly up to 
120 m from plantations near Myrtleford with a maximum 
distance of 800 m (Moulds pers. comm.). In another area 
near Ballarat, regeneration of P. radiata and P. nigra 
has commonly spread 200 m with regeneration recorded up 
to 480 m away (Stabb 1974). In New Zealand P. radiata 
has commonly spread up to 1600 m from plantations and in 
some cases up to 4800 m (Bannister 1965)*
The influence which distance to the seed source 
has on levels of invasion in the A.C.T. was not demonstrated 
in the initial survey (Chapter 2). A small survey was designed 
to investigate the decline of P. radiata invasion at increas­
ing distance from parent pine stands.
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3.2.2 Methods
Two areas were chosen for study, one was on the 
Bullen Range and the other near Thompson's Corner (Fig.
3.1). At each area four 20 m wide transects were examined 
at approximately 90° from the pine plantation boundaries 
(Fig. 3*1)« A tape measure was run out on a set compass 
bearing and the number of pine trees growing 10 m either 
side of the tape (measured by pacing) was recorded in 10 m 
intervals. On one transect where invasion density was 
low, 13 m on either side of the tape was used and results 
were divided by 1.5 to make them comparable with those 
from the other transects. The transects were extended from 
the plantations until no further pine regeneration was found.
3.2.3 Results
Results are presented in Fig. 3«2. The maximum 
dispersal distance was found to be usually between 300 
and 400 m although on transect 8 regeneration was found 
up to 585 m. However, for all but transect 6 the distance 
at which invasion ceased corresponded roughly with a change 
in aspect and/or vegetation type. Aspect and vegetation 
remained relatively constant on transect 6 and regeneration 
was recorded up to 455 m.
The Thompson's Corner sites were more heavily 
invaded than those on the Bullen Range where invasion levels 
were low but invasion generally extended further from the 
plantation boundaries for these sites.
The areas closest to the pine plantations were 
usually heavily disturbed and these areas had the greatest 
levels of invasion.
Although regeneration generally ceased by 400 m, 
numerous areas of invasion have been recorded on the Bullen 
Range at distances greater than 600 m, although these were 
usually at moderately low densities.
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FIG. 3.1 Location of transects used to assess maximum 
dispersal distance.
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FIG. 3 . 2  P in e  r e g e n e r a t i o n  d e n s i t y  v e r s u s  d i s t a n c e  from p l a n ­
t a t i o n .  T r a n s e c t s  1-4? Thompson’ s C o rn e r ;
T r a n s e c t s  3 - 8 ,  B u l l e n  Range.
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3.2.4 Discussion
The maximum pine dispersal distance recorded is 
in general agreement with that reported by others (Bannister 
1965) Moulds pers. comm., Stabb 1974)» with most invasion 
restricted to within 400 m of the parent trees but with 
some invasion spreading greater distances. Pine regeneration 
has been observed up to 1 km away from the nearest seed 
source and isolated trees have been recorded up to 5 km 
away.
The relationship between numbers of pines and 
distance to seed source is quite variable and often does 
not resemble the expected logarithmic type of decay curve.
The reasons for this are probably varied, with many environ­
mental and biotic factors modifying the expected pattern 
of invasion. The observed distribution of invasion is a 
reflection of the variability of these factors, some of 
which were identified in Chapter 2.
Regeneration on the Thompson1s Corner transects 
stopped fairly abruptly once the vegetation type changed 
from the E. macrorhyncha-E. rossii type to the E. dives- 
E. robertsonii type. On the Bullen Range regeneration ceased 
on transects 7 and 8 when the condition of the forest improved 
with a change in aspect, and on transect 5 when dense 
Leptospermum was encountered. Because of these additional 
influences it is strongly suspected that the above estimates 
of dispersal distance are fairly conservative.
The predominant winds in the study areas are from 
the west and this may help account for the greater dispersal 
distance of pines on the Bullen Range where the seed source 
is to the west. At Thompson’s Corner the nearest seed source 
is to the east and there is no westerly seed source nearby.
It is concluded that P. radiata haä the capacity 
to disperse seed great distances and provide sufficient
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seed to consistently invade areas of eucalypt forest 300 
to 400 m away and in areas where the seed source lies to 
the west, up to about 600 m away. Seed caught in wind cur­
rents has the capacity to travel many kilometres from 
plantations although only few seedlings are normally found 
so distant from plantations.
3.3 TEMPORAL VARIATION OF PINUS RADIATA INVASION
3.3*1 Introduction
Studies on the temporal variation of P. radiata 
invasion were made in collaboration with Mr M. P. Dawson 
and are also reported elsewhere (Dawson et al. 1979).
An uneven size class distribution of invading pines 
was observed in a number of forest stands. This suggested 
an uneven age class distribution of pine regeneration and 
implied that some years were particularly favourable for 
pine regeneration while others were unfavourable.
Pine regeneration depends on an adequate supply 
of seed and favourable environmental conditions for estab­
lishment and subsequent growth. A number of studies have 
been made on the periodic nature of P. radiata seed pro­
duction (Fielding 1947? 1960, 1964? Fearnside 1974? Pederick 
and Brown 1976) but the environmental conditions associated 
with years of heavy seedfalls and good regeneration are 
poorly understood. This prompted a study of the age class 
distribution of pine invasion in an invaded forest (Dawson 
1975). Subsequently two more areas were studied to determine 
whether the patterns observed in the first study were unique 
to that area or were widespread.
Description of study areas
The three study areas were all heavily invaded 
eucalypt forests in the lower Cotter River catchment
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( F i g .  3*3) and a d j a c e n t  to  P. r a d i a t a  p l a n t a t i o n s .  Each 
i s  b r i e f l y  d e s c r i b e d  below.
SITE 1: V a n i t y ’ s C r o s s in g
T h i s  f o r e s t  i s  dom ina ted  by E u c a l y p t u s  m acro rhyncha  
and E. r o s s i i , w i th  some E. p o ly an th em o s  and E. m a n n i f e r a  
s u b s p .  m a c u lo s a . The a s p e c t  i s  s o u t h - w e s t e r l y  w i th  a l t i ­
tu d e  r a n g i n g  from 580 to 700 m. The u n d e r s t o r e y  i s  s p a r s e  
w i th  few low s h r u b s  ( e g .  P o m a d e r r i s  e r i o c e p h a l a , P e r s o o n i a  
r i g i d a , Leucopogon v i r g a t u s ) and a s c a n t y  g r a s s  and h e rb  
c o v e r  ( e g .  Acaena o v i n a , Poa s p . ,  D a n th o n ia  p a l l i d a ) . 
Leptospermum sp p .  o c c u r  a lo n g  d r a i n a g e  l i n e s .  A l a r g e  amount 
o f  m i n e r a l  s o i l  i s  exposed ,  w i th  o c c a s i o n a l  ro ck y  o u t c r o p s .  
The s i t e  l o c a t i o n  and n e i g h b o u r i n g  P.  r a d i a t a  p l a n t a t i o n s  
a r e  shown i n  F i g .  3 . 4 ( a ) .
SITE 2: Thompson’ s C o rn e r
E. m acrorhyncha  and E. r o s s i i  dom ina te  t h e  f o r e s t ,  
w i t h  E. d i v e s  and E. b r i d g e s i a n a  a lo n g  d r a i n a g e  l i n e s  and 
lo w e r  s l o p e s .  The a s p e c t  i s  p r e d o m i n a t e l y  n o r t h - w e s t  and 
a l t i t u d e  v a r i e s  from 650 to  780 m. Again t h e r e  i s  l i t t l e  
u n d e r s t o r e y  and a h ig h  p e r c e n t a g e  o f  b a r e  g ro u n d .  The u n d e r ­
s t o r e y  c o n s i s t s  o f  s c a t t e r e d  low s h r u b s  ( e g .  Brachyloma 
d a p h n o i d e s , D i l lw y n ia  r e t o r t a  v a r .  p h y l i c o i d e s , Monotoca 
s c o p a r i a ) and has  fewer  h e r b s  and g r a s s e s  th a n  V a n i t y ' s  
C r o s s i n g .  Two e a s t - w e s t  r i d g e s  were sampled  ( F i g .  3 . 4 ( b ) ) .
SITE 3* B u l l e n  Range
The f o r e s t  c o n t a i n s  m a in ly  E. r o s s i i  and a s m a l l  
component o f  E. g o n i o c a l y x . A w e s t e r l y  a s p e c t  p r e d o m i n a t e s  
and a l t i t u d e  r a n g e s  from 600 to  650 m. The u n d e r s t o r e y  
and ground c o v e r  a r e  s i m i l a r  to  th e  o t h e r  s i t e s ,  b u t  Dan­
t h o n i a  p a l l i d a  and D i l lw y n ia  r e t o r t a  v a r .  p h y l i c o i d e s  a r e  
p r o m in e n t .  An e a s t - w e s t  r i d g e  from th e  t o p  o f  B u l l e n  Fange 
was sampled ( F i g .  3 . 4 ( c ) ) .  T h i s  f o r e s t  was used  f o r  g r a z i n g  
by com m erc ia l  s t o c k  under  a crown l a n d  l e a s e  u n t i l  1959.
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FIG. 3»3 S tudy  a r e a s  u se d  i n  th e  i n v e s t i g a t i o n  o f  t e m p o ra l  
v a r i a t i o n  i n  p in e  e s t a b l i s h m e n t .
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3.3.2 Methods
In 1974 the Vanity’s Crossing site was systemati­
cally surveyed using strip lines covering Z0% of the site. 
The ages of 414 invading pines were determined. Subsequently 
in 1977 the age distribution of 486 invading pines was 
determined for the total Thompson’s Corner (339 pines) 
and Bullen Range (147 pines) sites, giving an overall total 
of 900 trees.
The method used to age P. radiata is that described 
by Jacobs (1936)» and utilizes the uninodal habit of the 
branches to determine age. The number of nodes on the lowest 
undamaged actively growing branch is added to an estimate 
of tree age when this branch was initiated. Branch age 
can be cross checked against other branches in the whorl, 
but the estimate of tree age at the time of initiation 
of the branch cannot be made with certainty. This estimate 
is the main source of error in tree ageing. The most reli­
able method of checking the estimate is to age the tree 
by counting the annual rings on a basal cross section of 
the stem. This is a laborious process and involves either 
destructively sampling the tree or taking a sample core 
from the stem with an increment borer. Destructive samp­
ling was not possible for this study. Alternatively, coring 
is a time consuming process, and trees cannot be sampled 
close to the ground. It could not have been used to age 
the total tree sample. Instead relationships between height 
to the lowest undamaged branch and the age of the plant 
at branch initiation were developed from basal ring counts 
on 42, 39 and 41 small trees destructively sampled at 
Vanity’s Crossing, Thompson’s Corner and Bullen Range 
respectively. Sample trees were chosen subjectively so that 
a range of branch heights were represented. The height of 
the apical resting bud at the point of branch initiation 
and the age of the tree at that time were recorded. Reg­
ressions of branch height against age were prepared after 
checking that the data were normally distributed. The
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regressions were subsequently used to estimate tree age 
at branch initiation for the larger sample of trees.
3.3-3 Results
Ageing Technique
The regressions of age of tree at branch initiation 
against branch height, together with a scatter plot and 
regression line for all sites combined are shown in Fig.
3*5- Covariance analysis showed the regressions are not 
significantly different at the 95% confidence level.
Age Distribution
Figs 3.6, 3-7 and 3-8 show the age distributions 
at the study sites. The oldest pine at the Vanity’s Cros­
sing site dates from 1954- Regeneration then progressively 
increased to 1963- A large regeneration peak occurred over 
the 4 year period 1968-71, with greatest regeneration in 
1969 and 1970. Relatively low regeneration levels were 
recorded from 1972 to 1974 when observations ceased.
For Thompson’s Corner, the first recorded invasion 
of pine occurred in 1955- The rate of regeneration remained 
low until 1963? then progressively increased to 1970. As 
for Vanity’s Crossing, the regeneration establishing over 
the 4 year period 1968-71 exceeded that in other years. A 
substantial drop in regeneration occurred in 1972-3- Very 
little regeneration established in 1974 and in 1975—6 the 
invasion was slightly greater than that in 1972-3-
Bullen Range was first invaded in 1963- The rate 
of invasion remained low until 1968 when increased regenera­
tion was sustained for a four year period, but without 
a definite peak. There was limited invasion in 1973-4? but 
the rate increased again in 1975-6 to levels equivalent 
to those of 1968-72.
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FIG. 3.5 The relationship between tree age at branch 
initiation and branch height. The regression 
line for the combined data is given.
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The patterns of invasion of the Vanity’s Crossing 
and Thompson’s Corner sites are very similar, both in the 
time of initial establishment (about 1955)? and subsequent 
regeneration levels. The Bullen Range site differs in that 
no regeneration was recorded until 1963? after which the 
pattern of regeneration was generally similar to that of 
the other sites, but with a more regular age distribution. 
There was an increase in the rate of regeneration estab­
lishment at all sites in 1963? building up to a peak in 
1969-70 and declining to a trough in 1973-4. This was fol­
lowed by a smaller peak in 1975-6. The low level of regenera­
tion in 1976-7 may be real, but since young seedlings only 
a few centimetres tall are difficult to locate, it may 
be artificially low.
3.3.4 Discussion
Assessing the age of regeneration
The variability in the age at branch initiation 
demonstrates the difficulty of applying the ageing method 
of Jacobs (1936) to P. radiata regeneration in eucalypt 
forests. The primary cause of the variability is attributed 
to grazing of pine seedlings by native and naturalized 
herbivores. Data presented in Chapter 5 show that pine 
seedlings may be eaten back repeatedly for a number of years 
before the growing tip is high enough to escape browsing. 
However, the browsing of any particular seedling is a random 
event, and seedlings which escape browsing will show more 
rapid initial height growth than those which are repeat­
edly browsed. This can explain the large variability in 
seedling height at any particular age. Because of the nature 
of this variability it is difficult to explain any more of 
the variation in the data by a simple regression with only 
one variable. However, the error terms in the regression 
models used are normally distributed, ensuring unbiassed 
age estimates.
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The height to basal branch-age regressions for the 
three sites were not significantly different, indicating 
that the time span required for early establishment and 
growth to above browsing height was essentially the same 
for the three sites. This suggests that grazing pressures 
on the three sites are similar even though they are remote 
from each other.
The relationship between height to basal branch 
and age shows that early growth rates are lower than those 
of normal plantation stock raised in a nursery. This appears 
to explain the differences between the age distributions 
presented here and those of a recent study by Burdon and 
Chilvers (1977) whose study area was adjacent to the northern 
sampling site at Thompson’s Corner. The age class distri­
butions they obtained were similar to those presented 
here but they did not anticipate the slow early growth 
rates of natural regeneration, and appear to have under­
estimated ages of the invading trees by about three years.
Factors influencing the initiation of regeneration
Plantations adjacent to the Vanity’s Crossing 
and Thompson’s Corner study sites were first established 
in 1933-4 and probably started to produce seed from age 
nine (Fielding 1960). However, no regeneration apparently 
established until 1954-3 (Figs 3*6 and 3*7). Similarly, 
the 1945 plantation at Bullen Range could have produced 
seed by 1954? but the earliest record of regeneration is 
1963 (Fig. 3«8). Seed production would have initially been 
low as the plantations were unthinned, but this cannot 
explain the long delay in the initiation of regeneration.
Historical factors such as the incidence of fires 
and grazing by rabbits and commercial stock could have 
delayed pine establishment. For example, the rabbit plagues 
during the first half of this century exerted a high grazing 
pressure on all palatable vegetation until 1954-5« This
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restricted the regeneration of many plant species and the 
absence of regeneration of P. radiata before this time 
can be attributed to this pressure. Rabbit grazing was 
unchecked until myxomatosis reduced populations in 1951 
and rabbits were virtually eliminated by 1954-5 (Fennessey 
pers. comm., Franklin 1978). Although many of the forests 
in the lower Cotter River catchment were leased for grazing 
early in the century no commercial stock have been in the 
Vanity's Crossing or Thompson's Corner areas since 1914* 
However, grazing on Bullen Range continued until 1959? 
possibly excluding pine germinants until after that time.
Fire could have influenced the initiation of 
regeneration, either by creating seed beds favourable to 
germination and survival of new seedlings, or by killing 
established regeneration. The Bullen Range has not been 
burnt since before 1948, but major fires burnt Thompson's 
Corner in 19535 and Vanity's Crossing in 1957. The latter 
fire did not eliminate all the regeneration established 
at the Vanity's Crossing site, but the Thompson's Corner 
fire in 1953 may have been a factor contributing to the 
absence of pine establishment before 1954-5 on that site 
as there is no record of regeneration before that time.
Factors influening the age distribution of pine
regeneration
Within any one year the amount of P. radiata 
regeneration in the eucalypt forest will depend on a number 
of factors including the amount of seed produced by neigh­
bouring plantations, the dispersal of this seed, and various 
factors influencing the establishment of seedlings and their 
early survival and growth. The role of a number of these 
factors is discussed.
P. radiata is likely to shed some seed from the 
basal cone scales each summer. The amount depends on the 
size of the cone crop, and the duration of hot, dry weather
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to open the cones (Fielding 1947). The size of the cone 
crop and the production of viable seed are affected by 
physiological, biological and environmental factors influ­
encing the initiation and survival of the cone crop, so 
that heavy cone production is variable (Fielding 1947).
Data on annual variation in seed production are 
available from Tallaganda seed orchard (Pederick and Brown 
1976) located within 80 to 100 km of the study sites. 
Fluctuations in seed production from this seed orchard have 
been shown to be closely linked with fluctuations in pro­
duction from other seed orchards near Adelaide, S.A,, Mt, 
Gambier, S.A. and Morwell, Vic. (Pederick and Brown 1976).
The data is, therefore, a valuable guide to environmentally 
induced variations in seed production over the region.
However, because the orchard was only established in 1958-9 
seed production was only low until 1967 and, therefore, 
these data can only be used to deduce general patterns of 
seed production for the years following 1967.
The pattern of seed yield from this orchard (Fig.
3.9) resembles the age distribution pattern of pine regen­
eration at the study sites, particularly the seed production 
peaks recorded for 1968 and 19695 and the peaks in regenera­
tion establishment for the period 1968 to 1971 (Figs 3*6-3«8). 
A large seed yield was recorded in the orchard in 1973? 
but this was not matched by peaks in regeneration in 1973 
and 1974. A possible explanation is that the summer of 1973-4 
was wet, and little seed is shed in moist, cool summers 
(Fielding 1947). Seed may not have been released in sub­
stantial quantities at the study sites until the dry summer 
of 1974-5? resulting in moderate regeneration recorded in 
1975-6 at the Thompson's Corner and Bullen Range sites.
Thus it appears that variations in the amount of 
seed produced by P. radiata plantations, and patterns of 
seed shed, could be very significant factors influencing
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the temporal variation of pine invasion of the eucalypt 
forest. A precise correlation of seed production and seed­
ling establishment would not be expected as factors such 
as spasmodic ’’seed showers” could cause minor peaks in 
regeneration even in poor seed years.
While factors such as grazing, fire and drought 
must have influenced the establishment of pine seedlings 
over the recorded period, there is no evidence that they 
had a substantial effect on the well established pine regen­
eration. There was a mild fire at Thompson’s Corner in 1965 
but it does not appear to have killed many pines since the 
age distribution of pines at Thompson’s Corner resembles 
that of the Vanity's Crossing site until 1965« Similarly, 
the increase in regeneration after 1965 at Thompson's 
Corner was not necessarily due to the fire since the age 
distribution pattern appears similar to the other, unburnt 
sites. Even the hot fire at Vanity's Crossing in 1957 
does not appear to have favoured pine regeneration in the 
eucalypt forest even though seed was available. It is 
known that regeneration became established under nearby 
plantations burnt by this fire (Fearnside 1974)«
The years from 1964 to 1968 were very dry and 
severe droughts occurred over the 1964-5 and 1967-8 summers. 
The drought of 1967-8 appears to have had little effect 
on regeneration in 1968 as regeneration was good in that 
year. However, the combined effects of the 1964-5 and 
1967-8 droughts could have killed pine regeneration which 
established as early as 1961. This could partially explain 
the low levels of pine regeneration recorded at Thompson's 
Corner and Vanity's Crossing for the years 1961 to 1967• 
Similarly, the drought years combined with the influence 
of commercial grazing until 1959? could account for the 
absence of regeneration on the Bullen Range until 1963 
and subsequent low levels of regeneration until 1967.
Because no dead pine trees were found in any of the study
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areas it is unlikely that the droughts caused much mortality 
among well established pine regeneration.
The 1964-5 drought is noted for its particular 
severity (Pook et al, 1966) and its impact on the growth 
of trees around Canberra, The 1967-8 drought was even more 
severe and its effect was felt throughout the mountainous 
regions of south-eastern N.S.W. The slow recovery of the 
eucalypt forest after the drought years together with high 
pine seed falls and reliable rain for the following few 
years could have enhanced the development of substantial 
regeneration in the years after the droughts. This could 
explain the major peak in regeneration in 1969 and 1970.
In conclusion, it is suggested that a number of 
factors have influenced the age class distributions of pine 
regeneration in the three study areas.
Wildfires, droughts and browsing by rabbits and/or 
commercial stock could be responsible for the absence of re­
generation until the mid-1950s on the Thompson's Corner and 
Vanity's Crossing sites and until 1963 on the Bullen Range 
site. Further fires and drought probably prevented large 
amounts of regeneration until 1967• The drought years of 
1964-5 and 1967-8 could have reduced the vigour of the native 
vegetation, and this combined with heavy seedfalls in 
1968 followed by two wet summers in succession could have 
lead to the major peak in regeneration in 1969-70. Wet 
summers probably restricted seedfalls between 1969 and 1974 
but the dry 1974-5 summer would have caused a substantial 
amount of seed to be released. This corresponded with a 
minor peak in regeneration over 1975-6. The small amount 
of regeneration recorded for 1977 is probably a reflection 
on the difficulty of locating very young pine seedlings 
on the forest floor.
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Factors influencing pine regeneration were similar 
on the three study areas and similar age class distributions 
were obtained. The results indicate that further studies 
on pine invasion patterns should be restricted to areas 
adjacent to plantations which would have been capable of 
producing a large quantity of seed during the peak regen­
eration period of 1968-71? i.e. plantations established 
prior to about 1953*
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CHAPTER k
DETAILED ANALYSIS OF PINE INVASION PATTERNS
if. 1 INTRODUCTION
The preliminary survey of pine invasion (Chapter 
2) identified some of the major patterns of invasion in the 
eucalypt forests of the Brindabella Ranges. However, the 
methods used in the survey were not suitable for any detailed 
analysis of pattern. A much more detailed survey was, there­
fore, designed to analyse the relationships between the pat­
tern of pine invasion and the structural, environmental 
and floristic features of the eucalypt forest.
The techniques of classification and ordination 
have been used to develop hypotheses on the nature of the 
patterns of invasion in two different study areas. The 
general study areas were the Bullen Range and an area of 
eucalypt forest near Thompson's Corner (see Fig. 3* "0 •
The Thompson's Corner study area is entirely covered 
by open forest and contains a reasonably well-defined mosaic 
of vegetation units which is influenced mainly by aspect 
and altitude. There is considerable variation in topography 
and aspect in the study area. Changes in the dominant eucalypt 
species and density and composition of the undergrowth 
accompany changes in altitude and aspect. E. rossii-E. macror- 
hyncha forest is gradually replaced by E. dives-E. mannifera 
forest with increasing altitude or by E. robertsonii-E. 
viminalis forest with increasing shelter and moisture availa­
bility. Some of these forest types are highly susceptible 
to invasion while others are invasion resistant.
The Bullen Range is more uniform in vegetation 
and environmental characteristics, and while the frequency 
of invading pines varies consistently over the study area,
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patterns of invasion are less distinct than those on the 
Thompson’s Corner area. Two main aspects are represented on 
the Bullen Range study area (north-east and south-west) 
and there is little variation in altitude. Open forest 
dominates the area and E. rossii is the major eucalypt 
species. E. macrorhyncha is found on the sheltered sites 
and is replaced by E. dives on the few highly sheltered 
steep slopes.
The Thompson’s Corner site was studied first and 
the experience gained in this survey was used to refine the 
survey technique before investigating the more subtle pat­
terns on the Bullen Range.
4.2 METHODS
Although the two analyses were performed separately 
the methods used for each were virtually identical. The 
main difference between the two was in the attribute set 
used to describe the sampling sites. The set used in the 
second analysis was a refinement of the first with some new 
attributes included and some old ones altered or removed.
4.2.1 Choice of Sampling Sites and Data Collection
(a) Thompson’s Corner Study Area
Sampling sites were chosen so as to cover as much 
variation as possible in the environmental, floristic and 
structural features of the forest, in the limited time 
available.
All sampling was restricted to within 380 m of the 
pine plantation boundary. Sites beyond this distance cannot 
be assumed to receive wind dispersed pine seed (see Section 
3.2) and so cannot be reliably classified as resistant or 
susceptible to invasion simply by the presence or absence 
of pine regeneration.
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A stratified sampling technique was used. It was 
reasoned that stratifying by dominant eucalypt species 
would ensure that a more complete range of environments in 
the study area would be sampled than would be achieved by 
other sampling methods since small changes in environmental 
conditions can lead to a change in the dominant eucalypt 
species (Pryor 1959)* Therefore, the sampling area was first 
stratified into vegetation units defined by the dominant 
Monocalyptus eucalypt species present. This task was per­
formed using colour aerial photographs and ground reconnais­
sance. The major Monocalyptus species in the study area 
are E. robertsonii, E. dives, E. macrorhyncha and E. rossii. 
Various combinations of these species are found, with E. 
robertsonii on the most sheltered mesic sites and E. rossii 
on the most exposed slopes.
A total of 57 sites were sampled (Fig. 4*1) and 
these were distributed among the different vegetation types 
according to the proportion of the study area occupied by 
each type. This ensured roughly equal sampling densities 
in each vegetation type.
The location of the sites was determined before 
sampling took place by subjectively locating sites on a 
large scale map of the study area. Sites were located in the 
field by compass and step counting where necessary, in 
conjunction with the use of large scale aerial photographs. 
When locating the site on the ground, care was taken to ensure 
thick undergrowth or steep terrain did not bias its location.
At each site descriptive and quantitative data 
on floristics, forest structure and environment were recorded 
on a proforma. The descriptive data v/ere based on the forest 
within a 20 m radius of the sampling point and all other 
similar forest visible from that point.
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Variables thought to influence pine invasion were 
chosen for inclusion in the data set. A resume of the data 
collected is given below. Unless indicated otherwise the 
attributes were subjectively estimated. Percentage estimates 
were made by comparison with diagrams showing different 
percentages of cover.
ENVIRONMENTAL DATA
At each site, plot number, date, grid reference 
and a description of the site location were recorded on the 
proforma. The following environmental attributes were then 
either measured or visually assessed and recorded: slope 
(measured with clinometer), position on slope, aspect (com­
pass bearing), altitude (assessed from 1:100,000 topographic 
map), geological parent material (assessed by ground obser­
vation and 1:100,000 National Geological Survey map), stoni­
ness of soil and largest soil particle size, topsoil texture, 
evidence of erosion, soil drainage, presence and permanence 
of running water at or adjacent to the site, percentage bare 
ground and evidence of previous fires (Table A1, Appendix A).
Animals can interact with the vegetation and influ­
ence species distributions so a number of attributes were 
included to derive a crude estimate of animal activity.
These were, evidence of animal browsing and digging and 
abundance of animal tracks and faeces.
Three soil samples (of about 3000 cm^ each) were 
taken from the top 6 cm of soil from each site, stored in 
plastic bags and returned to the laboratory where they were 
air dried and sieved through a 2 mm gauge sieve. Soil pH 
(using a ratio of 1:3 soil and distilled water), percent 
weight loss on ignition and soil nitrogen and phosphorus 
content were determined and averages for the three samples 
were recorded on the proforma for each site. Nitrogen and 
phosphorus content were determined on a Technicon Auto 
Analyzer II using the method described by Technicon Industrial 
Systems (1977)•
70
STRUCTURAL DATA
The following attributes on forest structure and 
condition were recorded: leaf area index (calculated from 
a hemispherical photograph taken in a "typical" area of 
forest and using the method described by Anderson (1971))> 
mean height of the dominant trees (average of three mea­
surements made with a Suunto clinometer), basal area (average 
of three basal area sweeps using a Relascope and the angle
count method), abundance of pole, mature, overmature and1senescent components of the forest and average crown con­
dition of each component, mean height and percent cover of 
the two main shrub strata, density of shrub crowns, mean
height and percent cover of the two main herbaceous strata,
2abundance of eucalypt advance growth , abundance of eucalypt 
seedling or lignotuber growth and amount of raw organic 
litter (Table A2, Appendix A).
FLORISTIC DATA
The four most common understorey species and all 
the eucalypt species present on the site were recorded. 
Species recorded on only one site or on nearly all the sites 
were removed from the data set so that the presence of a 
very rare species or absence of a very common species did 
not unduly influence the data analysis. The final species 
list is given in Table A3? Appendix A.
The eucalypt canopy was divided into four major components 
which are defined below.
pole: active apical growth; active shedding of lower
branches.
mature: height growth negligible but crown and bole
actively expanding.
overmature: crown has ceased to expand; crown dieback common;
bole expansion negligible, 
senescent: dying.
2Advance growth refers to the pool of saplings beneath the 
main eucalypt canopy which are capable of filling gaps 
created in the canopy by dying or fallen trees.
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In addition to the above data, the following informa­
tion on P. radiata was recorded; the number of P8 radiata 
seedlings within a 20 m radius of the sampling point, the 
distance to the nearest P. radiata plantation of seed bearing 
age, and the vertical distance between the site and planta­
tion, These data were not included in the classification or 
ordination because it was required later to test whether 
the patterns determined through the analysis could be related 
to invasion.
After data collection was completed the data was 
coded by individual sites and punched onto computer cards.
Although the initial impression of the E. rossii- 
E. macrorhyncha forest was that of a forest with very weak 
vigour, the factors contributing to this became clear only 
with the progressive recording of the structural attributes 
of many forest stands. Some of the weaker stands had been 
heavily disturbed in the past (mainly during the late 1800's), 
and while appearing on casual observation to be "natural”, 
are in fact stands weakened by and only slowly recovering 
from past disturbance. The concept that such forests are 
relatively undisturbed is a view held by many biologists.
For example, Burdon and Chilvers (1977) while working in 
the Thompson's Corner study area, discovered remains of pre­
vious disturbance but considered this to be slight, and 
concluded that "the native forest appeared relatively undis­
turbed".
It is possible that invasion is heaviest on areas 
which have been heavily disturbed in the past and, therefore, 
in the second pattern analysis (on the Bullen Range), emphasis 
was placed on the relationship between past site disturbance 
and pine invasion.
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(b) B u l l e n  Range S tudy  Area
The B u l l e n  Range s t u d y  a r e a  i s  f a i r l y  u n i f o r m  i n  
t e rm s  o f  f l o r i s t i c s ,  s t r u c t u r e ,  e n v i ro n m e n t  and p i n e  i n v a s i o n .  
The dom inan t  e u c a l y p t  s p e c i e s  a r e  E. r o s s i i , E. m a c ro rh y n c h a , 
E. d i v e s ,  E. g o n i o c a ly x  and E. m e l l i o d o r a . The a l t i t u d e  o f  
th e  B u l l e n  Range v a r i e s  be tw een  500 m and 700 m and i s ,  
t h e r e f o r e ,  lo w er  t h a n  th e  Thompson’ s C o rn e r  s tu d y  a r e a  which 
v a r i e s  be tw een  700 m and 1000 m. Because  o f  th e  u n i f o r m i t y  
o f  t h e  B u l l e n  Range,  t h e  s t r u c t u r a l  and e n v i r o n m e n t a l  f a c t o r s  
a s s o c i a t e d  w i th  v a r y i n g  d e g r e e s  o f  p in e  i n v a s i o n  were n o t  
r e a d i l y  a p p a r e n t  from a s u b j e c t i v e  e v a l u a t i o n  o f  t h e  s tu d y  
a r e a .
The B u l l e n  Range was l e a s e d  f o r  g r a z i n g  by d o m es t ic  
s t o c k  u n t i l  1959* A l th o u g h  t h e r e  was l i t t l e  d i s t u r b a n c e  to  
t h e  e u c a l y p t  component o f  th e  f o r e s t  d u r i n g  th e  l a t e r  y e a r s  
o f  t h e  l e a s e ,  i t  would seem l i k e l y  t h a t  t h e  d i s t u r b a n c e  
d u r i n g  e a r l i e r  y e a r s  c o u ld  have  l e f t  t h e  f o r e s t  i n  a c o n d i ­
t i o n  s u s c e p t i b l e  t o  i n v a s i o n .  D e s p i t e  t h e  f a c t  t h a t  such a 
r e l a t i o n s h i p  was n o t  r e a d i l y  o b v i o u s ,  an em phas is  was p l a c e d  
on t h e  i d e n t i f i c a t i o n  o f  e v id e n c e  o f  d i s t u r b a n c e  i n  t h i s  
a n a l y s i s  i n  a d d i t i o n  to  f a c t o r s  a l r e a d y  found to  i n f l u e n c e  
i n v a s i o n  i n  th e  p r e v i o u s  a n a l y s i s .
Sam pling  s i t e s  were a g a i n  chosen  to  c o v e r  a s  much 
v a r i a t i o n  a s  p o s s i b l e  i n  th e  f l o r i s t i c ,  e n v i r o n m e n t a l  and 
s t r u c t u r a l  f e a t u r e s  o f  th e  f o r e s t ,  i n  t h e  s h o r t  t im e  a v a i l a b l e .  
I n v a s i o n  i s  found f u r t h e r  from th e  p l a n t a t i o n s  on th e  B u l l e n  
Range t h a n  a t  Thompson’s C orne r  ( s e e  S e c t i o n  3*2) so samp­
l i n g  was e x te n d e d  up to  570 m from t h e  p l a n t a t i o n s .
Because  t h e  v e g e t a t i o n  was f a i r l y  u n i fo rm  i t  was n o t  
u se d  a s  a  b a s i s  f o r  s t r a t i f i c a t i o n  o f  t h e  a r e a .  Sam pling  
s i t e s  were s u b j e c t i v e l y  l o c a t e d  on a t o p o g r a p h i c  map so a s  
to  c o v e r  t h e  r an g e  i n  a s p e c t s  and p o s i t i o n s  on t h e  s l o p e s .  
H ig h ly  d i s t u r b e d  a r e a s  were n o t  i n c l u d e d  i n  th e  sa m p l in g  
p rogram .  A t o t a l  o f  66 s i t e s  were e v e n t u a l l y  sampled ( F i g .
4 . 2 ) .
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FIG. 4.2 Location of sampling sites for Bullen Range 
study area.
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S i t e s  were l o c a t e d  i n  th e  f i e l d  by compass and s t e p  
c o u n t i n g  where n e c e s s a r y ,  and a s  i n  t h e  p r e v i o u s  sa m p l in g  
p r o g r a m , c a r e  was t a k e n  to  e n s u r e  t h i c k  u n d e rg ro w th  o r  s t e e p  
t e r r a i n  d i d  n o t  b i a s  th e  s e l e c t i o n  o f  s a m p l in g  s i t e  l o c a t i o n s .
As i n  t h e  Thompson’ s C orne r  s t u d y  t h e  d e s c r i p t i v e  
d a t a  were b a s e d  on t h e  f o r e s t  w i t h i n  a 20 m r a d i u s  o f  th e  
sa m p l in g  p o i n t  and a l l  o t h e r  s i m i l a r  f o r e s t  v i s i b l e  from t h a t  
p o i n t .
The a t t r i b u t e s  i n c l u d e d  on t h e  p ro fo rm a  were d i f ­
f e r e n t  from t h o s e  i n  t h e  p r e v i o u s  a n a l y s i s .  D e s c r i p t i o n  
o f  t h e  s t r u c t u r e  o f  t h e  o v e r s t o r e y  was s i m p l i f i e d  and a l l  
t h e  u n d e r s t o r e y  s p e c i e s  were r e c o r d e d  i n s t e a d  o f  t h e  fo u r  
most common s p e c i e s .  The a t t r i b u t e s  r e l a t e d  to  a n im a l  a c t i ­
v i t y  i n  t h e  Thompson’ s Corner  a n a l y s i s  were found t o  be o f  
l i m i t e d  u se  and o n ly  abundance  o f  a n im a l  t r a c k s  was r e t a i n e d .  
A d d i t i o n a l  a t t r i b u t e s  which r e l a t e d  t o  t h e  d eg re e  o f  p a s t  
f o r e s t  d i s t u r b a n c e  were i n c l u d e d .  The f i n a l  l i s t  o f  a t t ­
r i b u t e s  i s  b r i e f l y  d e s c r i b e d  be lo w .  U n l e s s  i n d i c a t e d  o t h e r ­
w ise  a t t r i b u t e s  were s u b j e c t i v e l y  e s t i m a t e d .
ENVIRONMENTAL DATA
A f t e r  r e c o r d i n g  p l o t  number,  d a t e ,  g r i d  r e f e r e n c e  
and a b r i e f  d e s c r i p t i o n  o f  t h e  l o c a t i o n  o f  t h e  s i t e ,  t h e  
f o l l o w i n g  e n v i r o n m e n t a l  a t t r i b u t e s  were r e c o r d e d :  s l o p e  
(m easu red  w i th  c l i n o m e t e r ) ,  a l t i t u d e  ( a s s e s s e d  from 1: 50 ,000  
t o p o g r a p h i c  map),  p o s i t i o n  on s l o p e ,  a s p e c t  (compass  b e a r i n g ) ,  
s t o n i n e s s  o f  s o i l ,  t e x t u r e  o f  t o p s o i l ,  e v id e n c e  o f  e r o s i o n ,  
p r e s e n c e  o f  r u n n i n g  w a te r  a t  o r  a d j a c e n t  to  th e  s i t e ,  p e r ­
c e n t a g e  b a r e  g round  and f r e q u e n c y  o f  a n im a l  t r a c k s  (T ab le  
B1, Appendix  B ) •
In  some a r e a s  t h e r e  i s  e v id e n c e  to  s u g g e s t  t h a t  
a v e ry  l o n g  t im e  ago some t r e e s  were f e l l e d  o r  r i n g - b a r k e d .  
T h i s  c o u ld  have been  done to  e n co u rag e  g r a s s  p r o d u c t i o n  
o r  to  p r o v i d e  t i m b e r  f o r  f en c e  p o s t s .  Two t y p e s  o f  e v id e n c e
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were encountered. At some sites where there is a large amount 
of eucalypt coppice present, occasional trees can be found 
with unusual coppice stems originating from waist height. 
These are thought to be a result of ring-barking followed 
by stem regeneration from epicormic shoots. In other cases 
occasional trees were found with large coppice stems growing 
from a cut stump. This is thought to be a result of timber 
cutting for fence posts. Two attributes to describe this 
disturbance were included in the data set. These were evi­
dence of minor clearing and evidence of fence post cutting.
In addition, variables relating to the presence or absence 
of old fencing remains and the frequency of fire scars were 
also included.
STRUCTURAL DATA
The following structural attributes were recorded: 
mean height of the dominant trees (average of three mea­
surements made with Suunto clinometer), crown gap, basal 
area (average of three basal area sweeps using a Relascope 
and the angle count method), abundance of pole, mature, over­
mature and senescent components of the forest, vigour of 
the dominant tree component, remains of "old forest" trees 
(those trees thought to pre-date European settlement), 
mean height and percentage cover of the shrub strata, types 
of herbaceous cover, abundance and vigour of eucalypt advance 
growth, abundance of eucalypt seedlings and lignotubers, 
amount of raw organic litter and abundance of eucalypt 
coppice stems (Table B2, Appendix B).
FLORISTIC DATA
Every species of plant within 20 m of the sampling 
point was recorded. However, all species recorded on three 
sites or less were later removed from the data set to ensure 
the presence of a very rare species did not unduly influence 
the analysis. In addition, those species which occurred on 
invaded sites just as frequently as non-invaded sites were 
also removed because these would merely confuse the
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r e l a t i o n s h i p  between f l o r i s t i c s  and i n v a s i o n .  A l though  
c a r e  was t a k e n  i n  r e c o r d i n g  t h e  s p e c i e s  p r e s e n t  on t h e  s i t e ,  
t im e  d id  n o t  p e r m i t  an e x h a u s t i v e  s e a r c h  and some o f  th e  
i n c o n s p i c u o u s  h e rb a c e o u s  s p e c i e s  c o u ld  have  been  m is se d  on 
some s i t e s .  The r e s u l t a n t  d a t a  m a t r i x  c o n t a i n e d  28 u n d e r ­
s t o r e y  s p e c i e s  and 5 e u c a l y p t  s p e c i e s  (T a b le  B3? Appendix 
B).
The f o l l o w in g  i n f o r m a t i o n  on p i n e  i n v a s i o n  was 
a l s o  r e c o r d e d :  number o f  P.  r a d i a t a  s e e d l i n g s  growing  w i t h i n  
20 m o f  t h e  sam p l in g  p o i n t ,  p r e s e n c e  o r  ab sen c e  o f  p i n e s  
v i s i b l e  from b u t  more t h a n  20 m from t h e  sa m p l in g  p o i n t ,  
d i s t a n c e  to  th e  n e a r e s t  P .  r a d i a t a  p l a n t a t i o n  and v e r t i c a l  
d i s t a n c e  from th e  p l a n t a t i o n .  These d a t a  were n o t  i n c l u d e d  
i n  t h e  c l a s s i f i c a t i o n  b u t  were used  l a t e r  to  t e s t  w h e th e r  
th e  p a t t e r n s  d e te rm in e d  th r o u g h  th e  a n a l y s i s  c o u ld  be r e l a ­
t e d  to  i n v a s i o n .
The d a t a  were coded by i n d i v i d u a l  s i t e s  and punched 
o n to  com puter  c a r d s  r e a d y  f o r  a n a l y s i s .
4 * 2 .2  A n a l y t i c a l  T e c h n iq u e s
The p r im a r y  p u rp o se  o f  t h e  a n a l y s i s  was t o  d e te r m in e  
w h e th e r  p a t t e r n s  o f  i n v a s i o n  c o u ld  be r e l a t e d  to  p a t t e r n s  
a l r e a d y  p r e s e n t  i n  t h e  e u c a l y p t  f o r e s t .  However, p rob lem s  
e x i s t  when t r y i n g  to  f i n d  p a t t e r n s  and s t r u c t u r e  i n  l a r g e  
amounts  o f  d e s c r i p t i v e  d a t a  b e c a u s e  t h e  e c o l o g i s t  must t r y  
to  c o n s i d e r  ev e ry  v a r i a b l e  s i m u l t a n e o u s l y  w i t h o u t  g i v i n g  
g r e a t e r  w e ig h t  to  any s i n g l e  v a r i a b l e .  T r a d i t i o n a l  s t a t i s ­
t i c a l  t e c h n i q u e s  may be u sed  when c o n s i d e r i n g  o n ly  a few 
v a r i a b l e s  b u t  t h e y  become u n w orkab le  when th e  p rob lem  assumes 
much l a r g e r  p r o p o r t i o n s .  A m u l t i v a r i a t e  n u m e r i c a l  a p p ro ach  
i s  r e q u i r e d  i n  such s i t u a t i o n s  and th e  f i e l d  o f  m a t h e m a t i c a l  
e co lo g y  h a s  d e v e lo p ed  to  c a t e r  f o r  t h e s e  r e q u i r e m e n t s  (G o o d a l l  
1954? W il l i a m s  and Lambert  1959? I960,  1961, 1966, Lambert  
and W i l l i a m s  1962, 1966? C l i f f o r d  and S t e p h e n s o n  1975?
W il l i a m s  1976) .
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Two techniques which have received considerable 
attention are those of classification and ordination. Clas­
sification involves sorting the individuals into discrete 
groups whereas ordination involves a presentation of the data 
in terms of a small number of axes which can be described 
in terms of the original attributes. Classification assumes 
that discontinuities exist in the data whereas ordination 
makes no such assumption and treats the data as a continuum. 
In some cases one of these strategies may be intrinsically 
superior to the other, but generally either technique may 
be used, or both techniques may be used in combination 
(Williams and Lance 1968). The combined use of the two 
techniques has been widely used in plant ecology in recent 
years (Williams et al. 1973, Havel 1975, Gillison 1976, 
Griffith 1978) and has been adopted in this study.
The underlying principles and use of classification 
and ordination have been outlined by a number of authors 
(eg. Williams 1976, Orlöci 1978) and shall only be briefly 
mentioned here. A number of different classification strate­
gies exist and in this study an agglomerative polythetic 
strategy was adopted, i.e. the dissimilarity between sites 
is calculated by some appropriate measure which considers 
all attributes simultaneously and the most similar pair 
(least dissimilar) are fused into one. Dissimilarities are 
again calculated and the next most similar pair are fused. 
This process continues until all sites are fused into one 
group. An heirarchical dendrogram can be constructed by 
looking at the procedure in reverse and noting the groups 
of individuals which separate at each "division" and noting 
the level of similarity (or dissimilarity) at which each 
"division" occurs. Unfortunately classifications are not 
unique and misclassifications can occur depending on the 
strategy adopted (Williams 1976) but despite these shortfalls 
they are a useful technique in simplifying and describing 
patterns in large amounts of data.
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Ordination involves the plotting of individuals 
in multidimensional space and describing them in terms of 
a small set of axes, or vectors, which can efficiently des­
cribe most of the variation in the original data set. By 
plotting the co-ordinates of individuals on these new axes 
a pictorial relationship can be obtained showing the rela­
tionships between individuals.
In this study, the floristic, environmental and 
structural data were classified and ordinated separately 
and patterns found in the data were then superimposed onto 
the patterns of pine invasion. The groups of sites most 
susceptible to invasion could then be characterized in terms 
of the attributes most influential in separating these sites 
from the non-invaded sites. Although it would be tempting 
to classify the combined environmental, structural and floris­
tic data set, this procedure was not adopted because if there 
are mutually incompatible patterns present in the separate 
data sets the results would become confused and difficult 
to interpret (Williams 197*1) •
A.2.3 Computer Programs Used in the Analysis
The CSIRO Division of Computing Research holds a 
series of pattern analysis programs on the TAXON library 
file on their CYBER 76 computer (Milne 1976) and some of 
these programs were used in this study.
The classification programs used were MULTBET for 
the floristic data and MULCLAS for the environmental and 
structural data.
MULTBET uses an agglomerative polythetic strategy 
and the Shannon-type information statistic (Lance and Wil­
liams 1967) and is suited to vegetation presence-absence 
data.
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MULCLAS is more suitable when there is a large 
proportion of numeric data (Lance and Williams 1966, 1967).
It offers a range of sorting strategies and similarity 
measures and in this study the Euclidean metric similarity 
measure was used with Burr’s incremental sum of squares 
sorting strategy. This gives a fairly intensely clustering 
system suitable for cases where no sharp discontinuities 
are thought to exist in the data and when the data does 
not contain a large number of zeros.
The program GOWER was used to ordinate the data. This 
program accepts the upper triangle of the .similarity matrix 
produced by MULTBET or MULCLAS, performs a principal co-ordi-. 
nate analysis (Gower 1966, 1967) and then prints and plots the 
latent roots and vectors and the vector scores for each 
individual. (The axes of the ordination are called vectors.)
To permit interpretation of the classifications 
and ordinations obtained from the above programs two diag­
nostic programs GROUPER and GOWECOR were used (Lance,
Milne and Williams 1968).
GROUPER calculates the contribution of each att­
ribute towards each fusion in the classification produced by 
MULCLAS or MULTBET. It then prints out the most important 
attributes for each fusion in descending order of importance 
together with group means for each attribute. This allows 
an interpretation to be placed on each fusion in the clas­
sification. GROUPER can also be used to calculate the 
attribute contributions towards a division artificially 
imposed on the data.
The diagnostic program GOWECOR was used to inter­
pret output from GOWER and for each vector in turn, cal­
culates the correlation coefficients of the original att­
ributes with the vectors and sorts them into descending 
order of importance. This makes it possible to relate the 
original attributes back to the vectors and determine which 
attributes are the most important on these new axes.
4.3
4.3.1
THOMPSON'S CORNER STUDY AREA
Results
Separate classifications and ordinations were per­
formed on the environmental, structural and floristic data 
sets. Sites with pine regeneration within 20 m of the samp­
ling point were defined as invaded sites. By noting where 
these sites fell in the classifications and ordinations, 
hypotheses on the relationships between invasion and environ­
mental, structural and floristic features of the eucalypt 
forest have been developed.
(a) Classification and ordination of environmental data
MULCLAS was used to classify the environmental data 
and the classification obtained is shown in Fig. 4-3* The 
sites in each group are given in Table 4.1? and Table 4.2 
lists the GROUPER output showing the contributions of the 
most important attributes at each division* in the clas­
sification.
The major division in the classification (division 
1) was based on moisture availability and fertility, with 
the moist fertile gully sites falling on side A (left-hand 
side of Fig. 4.3) and the drier sites on the ridges falling 
on side B (right-hand side of Fig. 4«3). Sixty-eight percent 
of the drier sites (side B) were invaded whereas only 17% 
of the gully sites were invaded.
The moist gully sites were further divided at 
division 3 into sites with loamy soils and permanent water 
(group 8, side A) and sites with stony clay loam soils and 
an intermittent water supply (groups 3 and 6, side B).
Groups 5 and 6 were finally divided into gully sites (group 
3) and moist lower slopes (group 6) at division 3.
*Although it is correct to speak of fusions rather than 
divisions it is more convenient to discuss the classification 
in terms of divisions so this procedure has been adopted 
throughout.
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FIG. 4.3 Classification of environmental data.
TABLE 4.1 Group membership in classification of environ­
mental data.
Group No. Sites
1 1*, 7*, 56*
2 6, 9, 19, 27, 34, 36, 40, 41, 42, 45, 50*, 51,
3 5, 10, 14, 15, 17, 22, 24*, 28, 29*, 30*, 32*, 
46*, 54*
4 3*, 47*
5 18, 31*, 35, 44, 48, 52
6 2, 4, 13, 16, 25, 26*
7 8, 12, 20, 21, 37, 38, 39, 43
8 11, 23, 33, 49*, 55, 57
*invaded site
TABLE 4.2
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Contributions of the most important attrib­
utes in the classification of environmental 
data.
Division Groups Attributes Mean* Attribute
A B Contribution
1 A 5,6,8 Running water
-absent 0.00 1 .00
B 1,2,3, -small creek 0.83 0.00 6.4%
k,7 -stream 0.17 0.00
Water permanance
-permanent 0.28 0.00
-intermittent 0.67 0.00 5.7%
-absent 0.05 1.00
Soil N concentrat­
ion
4028 1818 4.2%
2 A 1,2 Soil erosion
-none 0.75 0.09
B 3,4,7 -slight loss 0.25 0.87 9.5%-heavy loss 0.00 0.04
Aspect
-north 0.13 0.36-south 0.13 0.55 5.6%-east 0.06 0.00
-west 0.68 0.09
Animal digging 2.50 1.44 5.5%
Maximum particle 
size of soil
-gravel 0.13 0.00
-stones 0.56 0.19 4.1%
-boulders 0.06 0. 10
-outcrop 0.25 0.71
Percent bare ground 15.7 30.3 4.1%
3 A 8 Soil texture-sandy loam 0.33 0.00
B 3,6 -loam 0.67 0.08 18.9%
-clay loam 0.00 0.92
Stoniness of soil
-few stones 1 .00 0.08 10.3%
-many stones 0.00 0.92
Water permanence
-permanent 0.83 0.00
-intermittent 0.17 0.92 4.2%
-absent 0.00 0.08
*For multistate variables "mean" refers to the proport­
ion of sites in each category. If proportions add to 
more than 1.0 the categories are not exclusive.
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TABLE Zf.2 (continued)
Division Groups Attributes Mean Attribute
A B Contribution
4 A 3,4 Altitude 776 964 12.7$
B 7 Animal tracks 2.27 1 .00 8.6$
Aspect
-north 0.27 0.37
-west 0.73 0.14 3-6$
-east 0.00 0.29
3 A 3 Position on slope
-midslope 0.00 0.33
B 6 -lower slope 0.00 0.67 10.6$
-gully 1 .00 0.00
Slope
Parent material
7.3 24.5 8.7$
-shale 0.83 1 .00 7.4$
-sandstone 0.83 0.17
6 A 3 Soil texture-sandy loam 0.00 1.00 27.7$
B 4 -clay loam 1 .00 0.00
Parent material
-shale 1 .00 1 .00
-sandstone 0.62 0.50 12.2$
-granite 0.00 1 .00
Soil weight loss 
on ignition 16.40 8.75 4.2$
7 A 1 Stoniness of soil
-few stones 1 .00 0.15 8.3$
B 2 -many stones 0.00 0.85
Soil pH 4.39 5.2 5.7$
Evidence of fire 1 .00 0.23 3.6$
Slope 10.4 22.8 3.6$
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The drier ridge sites on side B of the classifica­
tion were divided at division 2 into sites with very little 
erosion, with westerly aspects and moderate levels of dig­
ging by animals (groups 1 and 2, side A), and sites with 
some soil erosion on southerly or northerly aspects and with 
only low levels of animal digging (groups 3? 4 and 7> side 
B). The sites with some soil erosion were further divided 
(division 4) into high altitude sites with few animal tracks 
(group 7j side B) and lower altitude sites with a moderate 
number of animal tracks (groups 3 and 4? side A). None of 
the high altitude sites were invaded by pines but 53% of 
the sites in groups 3 and 4 were invaded. Groups 3 and 4 
were finally divided (division 6) into sites with clay loam 
soils on shales and sandstones (group 3> side A) and sites 
with sandy loam soils on shales sandstones and granites 
(group 4 5 side B). Both sites in group 4 were invaded and 
40% of the group 3 sites were invaded. Groups 1 and 2 were 
divided at division 7 into sites with stony acidic soils 
on shallow slopes (group 1) and sites with very stony, less 
acidic soils on steeper slopes (group 2). Group 1 sites 
were on northerly aspects and had more evidence of recent 
fires than group 2 sites which were on more sheltered eas­
terly aspects. All of group 1 was invaded but only 8% of 
group 2 sites were invaded.
The distribution of the invaded sites among the 
classificatory groups was significantly different (0.05 
level) from that expected from random chance.*
Three groups in the classification were heavily 
invaded, namely, groups 1, 3 and 4» These groups were found 
on the dry exposed slopes at the lower altitudinal range of 
the study area (mean altitudes of 760, 782 and 740 m respec­
tively). Groups 2 and 7? although on moderately exposed
*tested with chi-square and a contingency table.
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sites, had higher average altitudes (830 m and 964 m res­
pectively) and were not invaded (except for one site in 
group 2). The importance of altitude was further demonstrated 
by comparing all the invaded sites on dry exposed areas 
with all the non-invaded dry exposed sites using the program 
GROUPER, which could be used to calculate the most impor­
tant attributes in the division between these two groups. 
Altitude was found to be by far the most important attri­
bute in the division (14% contribution) with frequency of 
animal tracks being the next most important (6.4% contri­
bution). The invaded sites were on lower altitudes and had 
greater number of animal tracks than the non-invaded sites. 
The significance of the number of animal tracks is difficult 
to assess because the invaded sites were characteristically 
more open sites where animal tracks could be more easily 
seen than on the non-invaded sites which had a heavier 
understorey.
The program GOWER was used to ordinate the sites 
and the resultant ordination is shown in Fig. 4«4* Each site 
is represented on the ordination by its group number from 
the classification. GOWECOR was used to calculate correla­
tion coefficients for the attributes contributing most to 
each vector in the ordination (Table 4*3)•
Positive values on vector 1 are correlated with 
fertile moist gully sites while dry exposed sites are cor­
related with negative values. Positive vector 2 values are 
correlated with low animal activity (less animal faeces and 
animal tracks and less evidence of browsing) while negative 
values are correlated with high animal activity and southerly 
aspects. Positive vector 3 values are associated with eas­
terly aspects, basic sandstone derived soils, higher topsoil 
P content, little evidence of fire, high altitudes and 
steep slopes. Thirty-one percent, 10% and 9% of the total 
sums of squares in the data was accounted for by vectors 
1, 2 and 3 respectively.
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TABLE 4.3 Attribute contributions for the ordination 
of environmental data.
Vector 1
Attribute Correlation
Topsoil N content 0.868
Running water-absent -0.862
Water permanence 
-absent -0.838
Position on slope 
-gully 0.771
Drainage-free -0.763
Soil erosion 
-accumulation 0.730
Running water 
-small creek 0.702
Water permanence 
-permanent 0.682
Topsoil P content 0.677
Vector 2
Attribute Correlation
Animal track 
frequency -0.774
Aspect-south -0.494
Animal grazing 
evidence -0.470
Animal faeces 
-abundant -0.447
Position on slope 
-midslope -0.413
Water permanence 
-permanent 0.394
Soil texture-loam 0.390
Vector
Attribute Correlatic
Aspect-east 0.597
Fire evidence -0.583
Topsoil pH 0.486
Parent material 
-sandstone 0.440
Topsoil P content 0.408
Slope 0.407
Soil texture 
-sandy loam -0.404
A1titude 0.391
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The low information content in the first three 
vectors is almost certainly due to non-linearity and occa­
sional discontinuities in the data because ecological 
relations often tend towards bell-shaped curves, but the 
underlying model of principal co-ordinate analysis assumes 
that the whole system is continuous, and that relations 
are substantially linear (Williams pers. comm*).
The relationships between the three vectors and 
pine invasion were investigated by identifying the invaded 
sites on the ordination (Fig. 4.4). Invasion is associated 
with negative values of vectors 1 and 3 tut does not appear 
to be closely related to vector 2. Most invaded sites cluster 
in the lower left-hand corner of Fig. 4*4 on vectors 1 
and 3« This indicates that invasion most commonly occurs 
on the dry, exposed, infertile ridges on sandy loam soils 
at the lower altitudinal range of the study area. There is 
more evidence of recent fires on these sites and slopes are 
not as steep as on other sites. This is in close agreement 
with the results from the classification.
By identifying the classification groups on the 
ordination (Fig. 4.4) the relationships between the groups 
can be clarified. The gully sites (groups 5? 6 and 8) stand 
out as being quite distinct from the other sites, especially 
on vectors 1 and 3« The relationships between the non- 
invaded groups 2 and 7 and the invaded sites (groups 1,
3 and 4) are also demonstrated on vectors 1 and 3« Groups 
2 and 7 have positive values on vector 3 and, therefore, 
can be distinguished from the invaded groups, 1, 3 and 4 
which have negative values on vector 3. The higher altitudes 
and more sheltered aspects of groups 2 and 7 are probably 
responsible for their high values on vector 3*
It should be noted that although the invaded groups 
cluster fairly tightly on vectors 1 and 3 there is some 
intergrading with the non-invaded sites and there is, there­
fore, no sharp distinction between non-invaded and invaded 
sites in terms of their environmental features.
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(b) Classification and ordination of structural data
MULCLAS was also used to classify the structural 
data and the resultant classification is shown in Fig.
4.5. Table 4.4 lists the sites in each group and Table 
4.5 gives the contributions of the most important attri­
butes at each division in the classification.
The first division in the classification splits 
the sites into groups with vigorous tall dominant trees, 
vigorous pole-sized trees and vigorous advance growth on 
side A of the classification (Fig. 4.5> groups 7 and 8), 
and groups with smaller poor quality trees, few pole-sized 
trees and with poor quality advance growth on side B (groups 
1, 2, 3j 4? 5 and 6). No invasion occurred on any of the 
sites in groups 7 and 8. These groups were further divided 
into sites with weak dominant trees but with vigorously 
growing advance growth (group 7? side A) and sites with 
vigorous dominants and less advance growth (group 8, side B).
The poor quality forests (groups 1, 2, 3» 4, 5 
and 6) were divided at division 2 into sites with shrubs 
having moderately dense crowns, a low percentage shrub cover, 
poor quality mature trees and less advance growth (groups 
3 and 4, side A) and sites with a high percentage cover of 
shrubs with open crowns and with more advance growth (groups 
1, 2, 5 and 6, side B). Forty-six percent of the sites on 
side A (division 2) were invaded whereas only 19% of side 
B sites were invaded. The sites with a low percentage cover 
of shrubs were further divided (division 6) into sites with 
a greater amount of advance growth, more very weak overmature 
trees and more seedling and lignotuber growth (group 3? 
side A), and sites with less advance growth and fewer very weak 
overmature trees, less seedling and lignotuber growth and 
a greater number of weak mature trees (group 4» side B).
At division 4 the sites with a high percentage cover of 
shrubs were further divided into sites with many very weak 
overmature trees, a greater cover of herbs and open-crowned
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FIG. 4 . 5  C l a s s i f i c a t i o n  o f  s t r u c t u r a l  d a t a .
TABLE 4 . 4  Group membership i n  c l a s s i f i c a t i o n  o f  s t r u c t u r a l  
d a t a .
Group No. S i t e s
1 40, 48, 49*
2 2, 6,  19, 25
3 7% 14, 17, 24*, 28, 29*, 30*,  32*, 36 ,  38
46* , 47 *, 51, 54*, 56*
4 5, 12, 15, 21, 26*, 27, 31*, 37 ,  45, 50*
3 43
6 1% 3% 8,  9 ,  10, 20,  22, 41
7 18, 33, 34, 35,  42 ,  52, 53, 57
8 4, 11, 13, 16, 23,  44, 55
39,
* in v ad e d  s i t e
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TABLE 4.5 Contributions of the most important attributes 
in the classification of structural data.
Division Groups Attributes Mean Attribute
A B Contribution
1 A 7,8
1,2,3,
4,5,6
Tree height 
(stratum 1) 21.3 14.5 3.5%
B Frequency of healthy 
pole class trees 0. 10 0.03 3.3%
Fraction of advance 
growth with high 
vigour 1 .07 0. 10 3-2%
Fraction of advance 
grov/th with poor 
vigour 1.67 2.93 2.4%
Frequency of vigor­
ous pole class trees 0.03 0.00 2.3%
Basal area 23-89 33.12 2.1%
Frequency of vigor­
ous mature trees 0.09 0.01 2.1%
2 A
B
3,4
1,2,5,
Fraction of shrubs 
with moderately 
dense crowns 2.72 0.38 1 1.0%
6 Frequency of very 
weak mature trees 0.1 1 0.06 5.1%
Abundance of advance 
grov/th 1 .73 2.56 4.1%
Fraction of shrubs 
with open crowns 1.64 3.31 3.9%
% cover of stratum 
2 shrubs 5.46 26.83 3.0%
% cover of stratum 
1 shrubs 10.27 24.00 2.6%
3 A 7 Frequency of weak 
overmature trees 0.23 0. 10 8.8%
B 8 Frequency of vigor­
ous mature trees 0.03 0.16 8.5%
Fraction of advance 
growth 'with high 
vigour 1.50 0.57 5.0%
Abundance of advance 
growth 3.25 2.29 4.2%
Frequency of senes­
cent trees 0.13 0.04 4.0%
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TABLE 4 . 
D i v i s i o n
4 A
B
5 A
B
6 A 
B
7 A
B
( c o n t i n u e d )
G r o u p s A t t r i b u t e s Mean A t t r i b u t e
1,2 F r e q u e n c y  o f  v e r y
A B C o n t r i b u t i o n
5,6
weak o v e r m a t u r e  t r e e s  
% c o v e r  o f  s t r a t u m
0.16 0.08 4 . 3%
2 s h r u b s  I
F r a c t i o n  o f  s h r u b s
-^3 .33 10.33 3 . 9%
w i t h  o p e n  c r o w n s 2.14 4.22 3 . 6%
L e a f  a r e a  i n d e x
F r a c t i o n  o f  a d v a n c e  
g r o w t h  w i t h  m o d e r a t e
9.59 8.31 3 . 5%
v i g o u r
% c o v e r  o f  s t r a t u m
2.29 1.11 3 . 0%
5
1 s h r u b s
H e i g h t  o f  h e r b a c e o u s
34.43 15.89 2 . 7%
6
s t r a t u m  1
F r a c t i o n  o f  s h r u b s
1.00 0.07 31. 4%
w i t h  o p e n  c r o w n s  
F r e q u e n c y  o f  v e r y
10.0 3 .5 14 . 0 %
3
weak o v e r m a t u r e  t r e e s  
A b u n d a n ce  o f  a d v a n c e
0.21 0.06 5. 4%
4
g r o w t h
F r e q u e n c y  o f  v e r y
2.06 1 .20 6 . 1%
weak o v e r m a t u r e  t r e e s  
F r e q u e n c y  o f  s e e d -
0.14 0.08 4 . 6%
l i n g s  and  l i g n o t u b e r s  
F r e q u e n c y  o f  weak
2.56 1 .80 4 . 5%
m a t u r e  t r e e s
T r e e  h e i g h t  ( s t r a t u m
0.19 0.27 4 . 3%
1
1)
F r e q u e n c y  o f  v e r y
11.94 15.80 3 . 5%
2
weak  m a t u r e  t r e e s  
F r e q u e n c y  o f  h e a l t h y
0.11 0.00 6 . 8%
m a t u r e  t r e e s
F r a c t i o n  o f  a d v a n c e  
g r o w t h  w i t h  p o o r
0 .05 0 .22 6 • 6%
v i g o u r
Raw o r g a n i c  l i t t e r  
- l i g h t
3.00
0.33
1.25
0.00
3. 7%
-m ed ium
- h e a v y
0.67
0.00
0.50
0.50
2 . 4%
93
shrubs, a greater leaf area index and more vigorous advance 
growth (groups 1 and 2, side A), and sites with fewer very 
weak overmature trees, a lower cover of shrubs and herbs, 
a lower leaf area index and less vigorous advance growth 
(groups 3 and 6, side B). Side A was further divided at 
division 7 into sites with poor quality mature trees and 
advance growth (group 1) and sites with better quality 
mature trees and advance growth (group 2). Side B was fur­
ther divided into sites with a tall herbaceous stratum and 
with shrubs with open crowns (group 5) and sites with a 
lower herbaceous stratum and with shrubs having more dense 
crowns (group 6).
The distribution of the invaded sites among the 
classificatory groups was significantly different (0,05 
level) from that expected from random chance.
Invasion was restricted to groups 1, 3, 4 and 6, 
although most invaded sites fell into groups 3 and 4 which 
represented the most depauperate forests in the study area. 
The remainder fell into either group 1, which was split 
from group 2 (division 7) because of its greater incidence 
of poor mature trees and advance growth, or group 6 which 
was split from group 5 because of its lower herbaceous 
stratum.
The sites were ordinated using GOWER and the ordi­
nation obtained is shown in Fig. 4*6. The attributes most 
highly correlated with the first three vectors were cal­
culated by GOWECOR and are shown in Table 4*6.
Vector 1 is positively correlated with advance 
growth of poor vigour and with very weak overmature trees. 
High negative correlations were obtained for tree height 
(stratum 1), percentage cover of herbs and grasses (stratum 
1), moderately vigorous advance growth and healthy pole- 
class trees. Vector 2 was positively correlated with
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FIG. 4 . 6  O r d i n a t i o n  o f  s t r u c t u r a l  d a t a  ( c l a s s i f i c a t i o n  
group number g i ven  f o r  each  s i t e ) .
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TABLE 4.6 Attribute contributions for the ordination 
of structural data.
Vector 1
Attribute Correlation
Tree height
(stratum 1) -0.803
% cover of stratum 
1 herbs and grasses -0.786
Fraction of advance
growth with poor
vigour 0.722
Fraction of advance 
growth with moder­
ate vigour -0.699
Frequency of healthy 
pole class trees -0.671
Frequency of very
weak mature trees 0.663
Vector 2
Attribute Correlation
Abundance of seedlings 
and lignotubers 0.661
Height of shrubs 
(stratum 1) -0.582
Abundance of 
advance growth 0.536
Fraction of shrubs 
with moderately 
dense crowns -0.495
Frequency of weak 
overmature trees 0.424
Amount of organic 
litter-heavy 0.419
Basal area 0.404
Vector 5
Attribute Correlation
Frequency of shrubs 
with moderately 
dense crowns 0.510
Frequency of weak 
overmature trees 0.506
Frequency of weak 
pole class trees -0.500
Fraction of advance 
growth with high 
vigour 0.401
Amount of organic 
litter-heavy -0.393
Frequency of healthy 
mature trees -0.391
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abundance of seedlings and lignotubers, abundance of advance 
growth, weak overmature trees, heavy litter layers and 
high basal areas. Negative correlations were obtained for 
shrub height (stratum 1) and moderately dense shrub crowns. 
Positive vector 3 values were correlated with moderately 
dense shrub crowns, weak overmature trees and vigorous advance 
growth. Negative vector 3 values were associated with weak 
pole-class trees, heavy litter layers and healthy mature 
trees. Twenty-four percent, 10# and 8# of the total sums 
of squares in the data was accounted for by vectors 1, 2 
and 3 respectively.
Invaded sites were identified on the ordination 
(Fig. 4.6) and were found to be closely related to positive 
vector 1 values. Vectors 2 and 3 were only weakly related 
to invasion with invaded sites tending to cluster towards 
negative vector 2 values and positive vector 3 values. Such 
a pattern indicates that invasion occurs on sites with a 
weak eucalypt canopy which is showing signs of breaking up 
and which have very few healthy pole size stems or advance 
growth stems moving up through the canopy to replace the 
dominant trees. Herbaceous cover is sparse on such sites.
In addition these sites tend to have lighter litter layers 
and lower basal areas than other sites.
There is some intergrading between invaded sites 
and non-invaded sites. Heavily invaded sites are located in 
a separate part of the ordination from invasion resistant 
sites with marginal sites for invasion lying somewhere between 
the two extremes.
The groups from the classification were identified 
on the ordination (Fig. 4.6) and with the exception of 
groups 3 and 4 which intergrade, the groups can be seen to 
occupy different regions of the continuum but with no sharp 
discontinuities separating the groups. The first two divi­
sions in the classification produced three major groupings
97
and these can be identified on the ordination. Groups 7 
and 8 can be found on the opposite end of the ordination 
from the invaded sites and stand out as being highly resis­
tant to invasion. These groups are similar in composition 
to the moist gully groups from the classification of the 
environmental data. Groups 1 , 2 , 5  and 6 are located in 
the transition zone between invaded and non-invaded sites 
and groups 3 and 4 which represent the invaded sites occupy 
the other extreme of the ordination.
(c) Classification and ordination of floristic data
The program MULTBET was used to classify the floris­
tic data as this program is more suited to binary data than 
MULCLAS. The classification and membership of each of the 
resultant groups are given in Fig. 4*7 and Table 4*7« The 
most important attributes at each division in the classifi­
cation were calculated by GROUPER and are presented in 
Table 4.8. The classification is based on the presence or 
absence of a species rather than species quantities and, 
therefore, no means have been given in Table 4*8.
The major division in the classification split 
the sites into those with species requiring moist sites 
(side A, Fig. 4*7) and those with species found on the drier 
sites (side B). The moist sites were characterized by E. 
robertsonii, E. viminalis, Acacia dealbata and Aceana anserini- 
folia. Only 15# of these sites were invaded. The moist sites 
were further divided at division 2 into the moist gully 
sites (side A), characterized by E. viminalis and Pteridium, 
and the sheltered lower slopes (group 8, side B) dominated 
by E. macrorhyncha and E. brid^esiana. Fifty percent of group 
8 sites were invaded whereas none of the moist gully sites 
were invaded. The moist gullies were further divided at 
divisions 5 and 6 into sites bordering permanent water courses 
and characterized by E. viminalis (group 5)9 sites along 
gullies adjacent to intermittent creeks characterized by 
E. viminalis and Acacia dealbata (group 3) and sites on
drainage lines on sheltered upper slopes dominated by 
E. robertsonii (group 4)*
G r o u p  N o . 5 3 4 8 6 1 2 7
N o .  of M e m b e r s 6 7 8 6 6 10 6 8
N o .  o f  In v a d e d  
Sites
0 0 0 3 2 3 2 5
FIG. 4 .7  C l a s s i f i c a t i o n  o f  f l o r i s t i c  d a t a .
TABLE 4*7 Group membership  i n  c l a s s i f i c a t i o n  o f  f l o r i s t i c  
d a t a .
Group No. S i t e s
1 12, 22 , 31*, 32*, 37, 38, 43, 45,  51,
2 7*, 14 , 15, 21, 24 *, 36
3 4 , 6 , 18, 19, 34, 44, 48
4 2, 11, 13, 16, 25, 27,  41,  42
5 23, 33 , 35,  5 2 , 55', 57
6 1*, 8, 9, 17, 20, 56*
7 3*, 5, 10, 28,  29* , 30*,  46*, 47*
8 26* , 39,  10, 49*, 50*, 53
54*
* in v ad e d  s i t e
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TABLE 4.8 Contributions of the most important attributes 
in the classification of floristic data.*
Di vision Groups Attributes Attribute
Contribution
1 A 3,4,5, E. robertsonii k.k%
8 E. viminalis 2.0%
Acacia dealbata 2.0%
Acaena anserini folia 1.8%
B 1,2,6, E. dives 3.4%
7 Monotoca 2.2%
Brachyloma 2.0%
2 A 3,4,5 E. robertsonii 2.8%
E. viminalis 2.4%
Acaena anserini folia 2.1%
Pteridium 1.9%
B 8 E. bridgesiana 3.4%E. macrorhyncha 2.6%
Cassinia longifolia 2.4%
Acacia falciformis 2.4%
3 A 1,2,6 E. mannifera 5.7%E. dives 5.2%
B 7 E. rossii 6.7%
E. macrorhyncha 5.5%
4 A 6 E. dives 7.2%
Acacia melanoxylon 3.0%
E. mannifera 2.6%
Acacia rubida 1.9%
B 1,2 Distinguished by absence 
of the species in "A". -
3 A 3 E. viminalis 3.3%Cassinia aculeata 3.3%
B 3,4 E. robertsonii 2.2%
6 A 3 E. viminalis 5.2%
Acacia dealbata 3.9%
B 4 E. robertsonii 4.6%
*Only generic names are given except where there is more 
then one species per genus (Table A3? Appendix A).
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TABLE Zf.8 ( c o n t i n u e d )
Di v i s i o n Groups A t t r i b u t e s A t t r i b u t e
C o n t r i b u t i o n
7 A 1 A c ac ia  f a l c i f o r m i s 2.6%
E. m a n n i f e r a 2.6%
B 2 D i l lv /y n ia 3-5%
E . d iv e  s 2.4%
D av iesa  u l i c i f o l i a 1.9%
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The d r i e r  s i t e s  were d i v i d e d  a t  d i v i s i o n  3 i n t o  
a h e a v i l y  in v a d e d  group  o f  s i t e s  (g ro u p  7) c h a r a c t e r i z e d  by 
E. r o s s i i  and E. m ac ro rh y n ch a  ^ and l e s s  h e a v i l y  i n v a d e d  s i t e s  
(g ro u p s  1, 2 and 6) which were dom ina ted  by E. d i v e s  and 
E. m a n n i f e r a  and found a t  h i g h e r  a l t i t u d e s  t h a n  g roup  7.
The s i t e s  dom ina ted  by E. d i v e s  and E. m a n n i f e r a  were f u r ­
t h e r  d i v i d e d  a t  d i v i s i o n s  4 and 7 i n t o  t h r e e  v e ry  s i m i l a r  
g ro u p s  (6 ,  1 and 2) m a in ly  on th e  b a s i s  o f  d i f f e r e n c e s  i n  
u n d e r s t o r e y  s p e c i e s .  A t h i r d  o f  t h e  members o f  each  o f  t h e s e  
g ro u p s  were i n v a d e d .
A l though  t h e  d i s t r i b u t i o n  o f  t h e  in v a d e d  s i t e s  
among t h e  c l a s s i f i c a t o r y  g ro u p s  was s i g n i f i c a n t l y  d i f f e r e n t  
( 0 . 0 5  l e v e l )  from t h a t  e x p e c t e d  from random c h an c e ,  i n v a s i o n  
was s p r e a d  f a i r l y  e v e n ly  o v e r  f i v e  o f  t h e  e i g h t  g ro u p s  and ,  
t h e r e f o r e ,  c o u ld  n o t  be s im p ly  r e l a t e d  to  any s i n g l e  f l o r i s t i c  
g ro u p .  I n v a s i o n  was a b s e n t  from t h e  m o is t  g u l l y  g ro u p s  (3»
4 and 5) and s i t e s  dom ina ted  by E. m acro rhyncha  (g ro u p  8) 
o r  a m ix tu r e  o f  E. r o s s i i  and E. m ac ro rh y n ch a  (g ro u p  7) 
were th e  most commonly i n v a d e d .  S i t e s  dom ina ted  by E. d i v e s  
and E. m a n n i f e r a  were l e s s  commonly i n v a d e d ,  p r o b a b l y  b e c a u se  
t h e  E. d i v e s  s i t e s  were u s u a l l y  a t  h i g h e r  a l t i t u d e s  th an  
th e  E. r o s s i i -E .  m acro rhyncha  s i t e s .  (The c l a s s i f i c a t i o n  
o f  s t r u c t u r a l  d a t a  d e m o n s t r a t e d  t h a t  i n v a s i o n  i s  u s u a l l y  
a b s e n t  from th e  h i g h e r  a l t i t u d e s  o f  th e  s t u d y  a r e a . )
The f l o r i s t i c  d a t a  were o r d i n a t e d  u s i n g  GOWER and 
th e  r e s u l t a n t  o r d i n a t i o n  i s  shown i n  F i g .  4 . 8 .  The a t t r i b u t e s  
most  h i g h l y  c o r r e l a t e d  w i th  th e  f i r s t  t h r e e  v e c t o r s  a r e  
g iv e n  i n  T ab le  4*9* Twenty p e r c e n t ,  9% 3.nd 6% o f  t h e  t o t a l  
sums o f  s q u a r e s  i n  t h e  d a t a  was e x p l a i n e d  by v e c t o r s  1,
2 and 3 r e s p e c t i v e l y .
V e c to r  1 i s  p o s i t i v e l y  c o r r e l a t e d  w i th  E. r o b e r t -  
s o n i i , P t e r i d i u m , Acaena a n s e r i n i f o l i a  and E. v i m i n a l i s  
and n e g a t i v e l y  c o r r e l a t e d  w i th  E. d i v e s , Monotoca and B ra ch y -
loma.  P o s i t i v e  v e c t o r  1 v a l u e s  a r e ,  t h e r e f o r e ,  a s s o c i a t e d
FI G.  4
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TABLE 4«9 A t t r i b u t e  c o n t r i b u t i o n s  f o r  th e  o r d i n a t i o n  
o f  f l o r i s t i c  d a t a . *
V e c to r 1 V e c to r  2
A t t r i b u t e C o r r e l a t i o n A t t r i b u t e  C o r r e l a t i o n
E. r o b e r t s o n i i 0 .8 0 5 C a s s i n i a  l o n g i f o l i a 0 .8 2 8
E. d i v e s - 0 .7 2 8 E. b r i d g e s i a n a 0.561
P t e r i d i u m 0 .7 2 3 E. m acrorhyncha 0 .5 0 9
Monotoca - 0 .6 9 8 A c ac ia  f a l c i f o r m i s 0 .4 7 4
Acaena
a n s e r i n i  f o l i a 0 .6 7 2
I n d ig o  f e r a 0 .4 5 9
E. v i m i n a l i s 0 .6 3 2
Brachyloma - 0 . 5 8 5
V e c to r  3
A t t r i b u t e
Brachyloma 
E. r o s s i i  
A s t r o t r i e h a  
H i b b e r t i a  
E. d i v e s
C o r r e l a t i o n
0 .6 1 7
0 .5 7 6
- 0 . 4 1 6
0 .3 4 4
- 0 . 3 1 6 5
* 0 n ly  g e n e r i c  names a r e  g iv e n  e x c e p t  where t h e r e  i s  more 
t h a n  one s p e c i e s  p e r  genus ( T a b le  A3. Appendix A).
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with high moisture availability and negative values with 
low moisture availability. Vector 2 is positively correlated 
with Cassinia longifolia, E. bridgesiana, E. macrorhyncha, 
Acacia falciformis and Indigofera. The species positively 
correlated with vector 2 commonly grow on sheltered low 
altitude midslopes. Vector 3 is positively correlated with 
Brachyloma, E. rossii and Hibbertia and negatively correlated 
with Astrotricha and E. dives. Such a relationship indicates 
that the dry exposed low altitude sites are associated with 
positive vector 3 values and higher altitude exposed sites 
with negative values.
Two main clusters of sites can be identified on the 
ordination and correspond with the major division in the 
classification. The more mesic sites (groups 3? 4j 5 and 
8) cluster at the top of both plots (Fig. 4.8) and the more 
xeric sites (groups 1,2,6 and 7) cluster beneath. There 
are no other obvious discontinuities in the data and the 
groups from the classification intergrade.
The invaded sites have been identified on the 
ordination (Fig. 4.8). They can be seen to cluster towards 
the bottom left-hand corner of the plot of vectors 1 and 
2 with a few invaded sites occupying the upper right-hand 
corner of the plot (group 8 in the classification). This 
pattern indicates invasion is generally restricted to the 
drier sites of the study area (bottom left-hand corner) 
but extends into some of the more sheltered low altitude 
midslopes (upper right-hand corner).
Because only the four most characteristic under­
storey species were recorded at each site, and all the euca- 
lypt species were recorded, the eucalypts dominated the 
analysis and, therefore, relationships between invasion and 
the understorey species were obscured. Therefore, it would 
be desirable in any further analysis to record every species 
on the site, thereby avoiding bias towards any particular 
component of the forest.
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4.3*2 Discussion
Classification and ordination of the three data 
sets has demonstrated that there are definite patterns in 
the environment and vegetation of the study area and these 
are related to patterns of invasion.
There was a strong contrast between the moist gully 
sites and the drier ridges and slopes and this formed the 
basis for the first division of the data for the three 
classifications. No sharp discontinuities existed within 
these two subsets of the data. The ordinations were parti­
cularly useful in the interpretation of the finer differences 
between the sites and the classifications helped in des­
cribing the nature of the differences.
Invasion was virtually absent from the moist gullies 
and, therefore, the main area of interest in terms of invasion 
was in the sites occurring on the drier ridges and slopes.
Classification and ordination of the environmental 
data demonstrated that invasion was restricted to highly 
exposed sites at the lower altitudinal range of the study 
area. Invasion was also more common on sandy loam soils than 
on clay loams.
Analysis of the structural data indicated that 
invasion was absent from sites with more vigorously growing 
forest and commonly occurred where there was a sparse under­
storey cover, very poor dominant trees, little advance growth 
and little herbaceous cover. Basal areas tended to be lower 
on invaded sites and litter layers were lighter than on 
non-invaded sites.
The floristic data displayed similar trends to the 
environmental and structural data but also demonstrated 
that a wide range of vegetation types can be invaded including 
those types found on moist sheltered sites (group 8, Fig. 4.8).
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However, the moist sheltered sites which are invaded (sites 
26, 49 and 50) are similar to the other invaded sites in 
respect to other characteristics. Sites 26 and 50 belong to 
group 4 in the structural classification and site 49 to 
group 1 (Table 4*4)• By locating the invaded sites of groups 
1 and 4 on the ordination of the structural data (Fig. 4.6) 
it can be seen that these sites have structural features 
similar to the other invaded sites.
Within the altitudinal limit over which invasion 
is normally found, invasion was more closely related to forest 
structure than environment or floristics (although structure 
is to a large extent determined by floristics and environ­
ment). There could be a number of explanations for this 
relationship. The poor condition of the invaded forests 
suggests that competition for resources may not be as intense 
as in the more vigorous non-invaded forests, particularly 
in the moist gully sites where there is often a dense herba­
ceous stratum. However, the absence of young pine seedlings 
on non-invaded sites with no herbaceous cover suggests that 
factors other than competition may be preventing establish­
ment. The presence of heavy litter layers and thick under­
growth could be preventing successful germination and early 
establishment or, alternatively, the litter layers of the 
non-invaded forests may have allelopathic properties which 
prevent pine regeneration. The absence of invasion at the 
higher altitudes could be related to the more severe winter 
temperatures at these altitudes. Frosts and snow-falls could 
be responsible for eliminating pine invasion from these sites.
The area used for this analysis did not contain the 
complete range of vegetation types which are invaded by pines. 
It is difficult, therefore, to generalize about the nature 
of pine invasion patterns in other areas. A second analysis 
was made on a different area to determine whether patterns 
in the first analysis were reproducible elsewhere.
107
4.4 BULLEN RANGE STUDY AREA
4.4.1 Results
The Bullen Range had a more uniform pattern of inva­
sion than the previous study area and it was hoped that 
changes in levels of invasion could be related to changes 
in environmental, structural or floristic characteristics 
of the forest.
Because invasion was so widespread it was not pos­
sible to use the criteria of the previous analysis for 
defining invaded and non-invaded sites. Instead, sites with 
high levels of invasion were termed "invaded" and sites with 
very low levels or no invasion were termed "non-invaded". 
Levels of invasion varied with distance from the plantation 
so the definition of invaded and non-invaded sites also had 
to take this variation into account. After inspecting the 
levels of invasion on the sampling sites (Fig. 4.9)? it 
was decided to define non-invaded sites as those having less 
than 4 pines within a 20 m radius of sampling points at 
100 m from the nearest pine plantation, and less than 2 
pines at sampling points E00 m from the nearest pine planta­
tion. Invaded sites were defined as having five times as 
much invasion as non-invaded sites. The remaining sites had 
intermediate invasion levels. Fig. 4*9 demonstrates the 
relationships between the levels of invasion at each samp­
ling point, the distance from the nearest pine plantation 
and the definitions of invaded and non-invaded sites.
As for the previous analysis the environmental, 
structural and floristic data sets were classified and 
ordinated separately.
(a) Classification and ordination of environmental data
MULCLAS was used to classify the environmental data. 
The classification and sites in each group of the classifi­
cation are displayed in Fig. 4.10 and Table 4.10. The
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FIG. 4.9 Number of pines within 20 m from each sampling 
point versus distance from plantation. Sites 
below the lower line are defined as non-invaded. 
Sites above the upper line are defined as invaded.
contributions of the most important attributes at each 
division were calculated by GROUPER and these are displayed 
in Table 4*11*
The major division in the classification was based 
on soil texture with sites with clay loams on side A (groups 
1 and 2, Fig. 4.10) and sites with sandy loams on side B 
(groups 3? 4j 6 , 7 and 8). The sites on the clay loams 
were predominantly non-invaded and were further divided on 
the basis of fire scar frequency with group 1 having fewer 
fire scars than group 2.
10.
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G r o u p  N u m b e r 1 2 5 6 3 4 7 8
N o .  o f  M e m b e r s 11 8 16 7 6 12 2 4
N o . of Invaded  S ites 1 1 8 4 1 1 0 2
N o . o f  N o n - in v a d ed  Sites 6 5 0 0 3 6 0 0
FIG. 4*10 C l a s s i f i c a t i o n  o f  e n v i r o n m e n t a l  d a t a .
TABLE 4 .1 0  Group membership i n  c l a s s i f i c a t i o n  o f  e n v i r o n ­
m en ta l  d a t a .
Group No. S i t e s
1 45,  46**, 56, 57**, 58, 59**, 60**, 61**, 62,
65*,  66**
2 14**, 49**, 50*, 51, 52, 53**,
3 11, 12**, 15**, 16**, 39, 47*
4 2**, 3**, 4 ,  7, 
24*, 25
13**, 17**, 18
5 9, 22,  23*, 26*, 
38*, 42*, 43,  48
27, 28*, 29,  
, 63, 64
6 10, 3 2 , 34*, 35* , 36*, 37,  40*
7 1, 6
8 5, 8 ,  41*, 44*
* in v ad e d  s i t e
**non~invaded  s i t e
TABLE 4.11 Contributions of the most important attributes 
in the classification of environmental data.
Division Groups Attributes Mean Attribute
A B Contribution
1 A 1,2 Soil texture
-sandy loam 0.00 0.81 18.9%B 3,4,5, -clay loam 1 .00 0.196,7,8 Altitude 591 518 8.7%
Soil erosion
-none 1 .00 0.49-accumulation 0.00 0.02 6.6%
-slight loss 0.00 0.45-heavy loss 0.00 0.04
2 A 3,4,5, Evidence of fence-
6,7 post cutting 0.45 2.75 1 1 .2%
B 8 % bare ground 0.63 2.25 6.4%
Soil erosion
-none 0.49 0.50-accumulation 0.02 0.00 3.6%
-slight loss 0.49 0.00-heavy loss 0.00 0.50
3 A 5,6 Soil erosion-none 0.91 0.00B 3,4,7 -accumulation 0.00 0.05 25.1%-slight loss 0.09 0.95
Soil texture
-sandy loam 0.96 0.65 3.0%-clay loam 0.04 0.35
4 A 3,4 Evidence of minorclearing 0.72 2.50 5.1%B 7 Soil erosion
-accumulation 0.00 0.50 2.5%-slight loss 1 .00 0.50
Stoniness of soil
-few stones 0.06 0.50 2.0%
-many stones 0.94 0.50
5 A 5 Stoniness of soil-few stones 0.00 1.00 32.8%
B 6 -many stones 1 .00 0.00
Running water
-absent 0.81 0.43-intermittent
creek 0.13 0.15-semi-permanent
creek 0.06 0.15 6.8%-stream 0.00 0.14-river 0.00 0.14
TABLE 4.11 (continued)
Division Group Attribute Mean AttributeA B (Contribution
6 A 3 Soil texture-sandy loam 0.00 0.92 25.2%B 4 -clay loam 1 .00 0.08
Slope 31.5 21.4 8.8%
7 A 1 Fire scars-absent 0.18 0.00B 2 -rare 0.73 0.00 13.0%-common 0.09 0.25-abundant 0.00 0.75
Altitude 567 623 3-7%
The sandy loam sites were divided at division 2 
into sites with little evidence of fence post cutting (side 
A) and sites with considerable evidence of fence post cutting 
(side B, group 8). Group 8 was 30% invaded. Side A was fur­
ther divided (division 3) on the basis of soil erosion, with 
groups 3, 4 and 7 showing slight soil loss. The groups with 
very little erosion (3 and 6) were heavily invaded whereas 
the groups with slight erosion (35 4 and 7) were predominantly 
non-invaded. Groups 3 and 6 were finally divided on the basis 
of stoniness of soil with group 5 having stonier soil than 
group 6. Group 7 was split from 3 and 4 because of greater 
evidence of minor clearing and less soil erosion. Groups 
3 and 4 were finally split on the basis of soil texture with 
group 3 on loamy clays and group 4 on sandy loams.
The distribution of the invaded and non-invaded 
sites among the classificatory groups was significantly 
different (0.03 level) from that expected from random chance.
Soil texture and soil erosion dominated the clas­
sification and, therefore, it has not been particularly 
helpful in characterizing the invaded sites apart from showing 
that more invasion occurred on sandy loams than clay loams 
and that there was less erosion evidence on the most heavily 
invaded sites. The sandy loams are associated with the granite 
parent materials on the west side of Paddy’s River and the 
clay loams with the east side of the river where shales and 
sandstones are found.
The data were ordinated using GOWER and the ordination 
is displayed in Fig. 4*11« Attribute contributions for the 
ordination are displayed in Table 4.12. Vector 1 is posi­
tively correlated with sandy loams, lower altitudes and 
greater evidence of minor clearing and fence post cutting. 
Negative values are correlated with clay loams, higher 
altitudes, no soil erosion and a greater frequency of animal 
tracks. Because altitude does not vary much over the study
1
+ 1 1 3
0 =  invaded site 
n= non-invaded site
Vectors 1 & 2
1
Vectors 1 & 3
FIG. 4.11 O r d i n a t i o n  o f  e n v i r o n m e n t a l  d a t a  ( c l a s s i f i c a t i o n  
group number g i v e n  f o r  each  s i t e ) .
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TABLE 4.12 Attribute contributions for the ordination 
of environmental data.
Vector 1
Attribute Correlation
Soil texture 
-sandy loam 0.743
Soil texture 
-clay loam -0.743
Altitude -0.734
Evidence of 
minor clearing 0 • 688
Soil erosion 
-absent -0.596
Evidence of fence-
post cutting 0.573
Animal tracks -0.516
Vector 2
Attribute Correlation
Evidence of fence-
post cutting 0.625
% bare ground 0.555
Evidence of 
minor clearing 0.547
Aspect-west 0.449
Vector 5
Attribute Correlatic
Soil erosion 
-slight loss 0.782
Soil erosion 
-absent -0.641
Stoniness of soil 
-few stones -0.463
Stoniness of soil 
-many stones 0.463
Slope 0.455
area the influence of altitude is probably related to posi­
tion on the slope and degree of exposure, with higher alti­
tudes representing upper slopes and lower altitudes lower 
slopes and gullies. Vector 2 is positively correlated with 
evidence of fence post cutting and minor clearing, percentage 
bare ground and westerly aspects. Vector 3 is positively 
correlated with slight soil erosion, stony soils and steep 
slopes while negative values are correlated with no soil 
erosion and less stony soils. Twenty percent, 14% and 11% 
of the total sums of squares in the data was accounted for 
by vectors 1, 2 and 3 respectively.
Invaded and non-invaded sites have been identified 
on the ordination (Fig. 4«11)• On the plot of vectors 1 
and 2 the invaded sites cluster towards the upper left-hand 
corner of the ordination and the non-invaded sites cluster 
towards the bottom right-hand corner. A similar though less 
distinct pattern exists on the plot of vectors 1 and 3»
This indicates that invasion occurs on sandy loam soils with 
little soil erosion while non-invaded sites occur on stony 
clay loam soils with a large percentage of bare ground and 
some soil erosion. As for the classification, the ordination 
has not been particularly informative in interpreting pat­
terns of invasion. This was not unexpected because the 
Bullen Range study area was quite uniform in its environ­
mental characteristics and patterns of invasion.
(b) Classification and ordination of structural data
MULCLAS was used to classify the structural data 
and the resultant classification and group membership are 
given in Fig. 4.12 and Table 4.13» The contributions of the 
most important attributes in the classification are given 
in Table 4«14*
The major division in the classification (Fig.
4.12, division 1) divides sites into those with vigorous 
dominant trees, abundant vigorous advance growth, high basal
10-
1 1 6
_ o
E
in
5 -
Group Number 1 2  3 4 5
No. of Members 15 5 li  8 14
No. of Invaded Sites 1 1 3  3 7
No.of Non-invaded Sites 9 3 3 1 1
FIG. 4 .1 2  C l a s s i f i c a t i o n  o f  s t r u c t u r a l  d a t a .
TABLE 4 . 1 3 Group membership i n  c l a s s i f i c a t i o n  o f  s t r u c t u r a l  
d a t a .
Group No. S i t e s
1 8 , 9 ,  12**, 13**, 14**, 15**, 2 4 *, 4 8 , 51, 52, 
53**, 54**, 57**, 59**, 6 6**
2 16**, 17**, 55**, 64, 65*
3 7,  11, 2 2 , 2 3*, 4 2 *, 45 ,  4 6 **, 49**, 50*,  56, 61**
4 6 , 1 0 , 18**, 19, 31*, 37, 41*, 44*
5 2 8 *, 2 9 , 3 2 , 33* ,  34*, 35*, 36*, 38* 4 0 *,  43,  
58, 60**, 62, 63
6 2 0 , 2 1**, 2 5 , 26* ,  2 ? ,  3 0*
7 2**, 3**5 4 5 3, 39, 47*
8 1
* in v a d e d  s i t e
* * n o n - in v a d e d  s i t e
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TABLE Zf. 14 Contributions of the most important attributes 
in the classification of structural data.
Divi sion Groups Attribute Mean Attribute
A B Contribution
1 A
B
1,2,3,
4
5,6,7,8
Vigour of dominant 
trees 
-poor 
-moderate 
-vigorous
0.00
0.51
0.49
0.48
0.52
0.00 6.3%
Crown Gap 
-touching 
-<0. 1 
-0.1-0.3 -0.5-1.0 
-I.O-I5.O 
->15.0
0.08
0.39
0.41
0.130.00
0.00
0.00
0.00
0.33
0.330.30
0.04
5.5%
Vigour of advance 
growth 
-absent 
-poor
-mod. healthy 
-vigorous
0.03
0.13
0.56
0.28
0.41
0.330.22
0.04
4.9%
Abundance of advance 
growth 2.31 0.82 4.8%
Basal area 18.89 9.32 4.6%
Remains of old forest 
-absent 
-burnt stumps 
-few trees 
-scattered trees
0.03
0.13
0.33
0.51
0.22
0.33
0.37
0.07
3.6%
2 A 5,6 Abundance of pole 
class trees 0.95 3.71 7.6%B 7,8 Abundance of mature 
trees 3.25 1.29 4.0%
Raw organic litter 
-absent 
-light
0.00 
1 .00 0.570.43
3.8%
% cover of grasses 
and herbs 49.00 17.43 3.5%
3 A 7 % cover of shrubs 8.00 50.00 16.0%
B 8 Abundance of over­mature trees 2.83 9.00 15.1%
Abundance of pole 
class trees 4.33 0.00 5.7%
TABLE 4. 14 (continued)
Division Groups Attribute Mean Attribute
A B Contribution
4 A 1,2 Herbaceous strata
-sparse grass cover 0.00 0.53
B 3,4 -tussock grasses- 
bare ground 
-tussock grasses-
0.83 0.10 13.1%
Poa
-high % cover of
0.10 0.32
Poa and herbs 0.05 0.05
Shrub height 1 .20 2.08 6.8#
Seedling-lingotuber 
abundance (eucalypt) 1.75 0.95 4 .7%
Tree height 11.1 12.2 3 .8%
5 A 5 Herbaceous strata
-sparse grass cover 0.00 0.83
B 6 -tussock grasses- 
bare ground 
-tussock grasses-
0.07 0.17 7 .9%
Poa
-High % cover of
0.43 0.00
Poa and herbs 0.50 0.00
Tree height 
% cover of grasses
12.57 10.75 4 .8%
4 .4%and herbs 57.86 28.33
Shrub height 2.29 1.33 3 .8%
6 A 3 % coppice
-0-10# 0.91 0.37
6 .1%B 4 -10-50% 0.09 0.38
->50% 0.00 0.25
Abundance of over­
mature trees 3.27 1 .88 5.5%
Abundance of mature 
trees 3.46 4.88 4 .5%
Abundance of senes­
cent trees 1.91 1.13 3 .2%
7 A 
B
1
2
Seedling-lignotuber 
abundance 1.33 3.00 12.1%
Herbaceous strata
-tussock grasses- 
bare ground 
-tussock grasses-
1 .00 0.40
5.0%Poa
-high % cover of
0.00 0.40
Poa and herbs 0.00 0.20
% cover of grasses 
and herbs 13.53 37.60 3 .7%
areas, and with remains of the old forest (side A, groups 
1 , 2 , 3  and 4), and those with poor quality dominant trees 
and advance growth, low basal areas, little advance growth 
and few remains of the old forest (side B, groups 3, 6,
7 and 8). Side B corresponds with what appeared to be a 
more heavily disturbed area on the west side of Paddy's 
River (where granites and sandy loams occur). Most of the 
non-invaded sites are found on side A of the division.
The more disturbed areas were further divided at 
division 2 into sites with mature trees, light litter layers 
and a high percentage cover of herbs and grasses (side 
A, groups 3 and 6) and sites with predominantly pole-class 
trees, lighter litter layers and a low percentage cover of 
grasses and herbs (side B, groups 7 and 8). Forty-five 
percent of side A sites were invaded but only 14% of side 
E were invaded. Side A was further divided into groups 
5 and 6 at division 3* Group 3 had a higher percentage grass 
cover and taller trees and shrubs than group 6. Group 5 
was predominantly invaded whereas group 6 consisted of both 
invaded and non-invaded sites. Side B was divided into 
groups 7 and 8 at division 3* Group 7 had a greater shrub 
cover, more overmature trees and less pole-class trees 
than group 8 which consisted of a single highly disturbed 
site (site 1). Both groups were intermediate in degree of 
invasion.
The less disturbed more vigorous forests on side 
A of division 1 of the classification were divided (division 
4) into sites with grass tussocks (Danthonia) as the pre­
dominant herbaceous stratum, low shrubs and a moderate 
quantity of eucalypt seedlings and lignotubers (side A, 
groups 1 and 2) and sites with a more grassy understorey, 
taller shrubs and fewer eucalypt seedlings and lignotubers 
(side B, groups 3 and 4)« The sites on side A appear to have 
received minimal disturbance whereas the more open side B 
sites which have greater grass cover and taller shrubs and 
fewer Danthonia tussocks bear the signs of some disturbance
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in the past. Side A contains mostly non-invaded sites 
(60$) whereas side B contains a mixture of invaded sites 
(32%) and non-invaded sites (21%). Side A was divided into 
groups 1 and 2 at division 7 on the basis of abundance of 
eucalypt seedlings and lignotubers with a greater abundance 
in group 2. Side B was divided into groups 3 and 4 at 
division 6. Group 3 had fewer coppice stems, more overmature 
trees and less mature trees than group 4« The greater amount 
of coppice and fewer overmature trees in group 4 could 
indicate a greater amount of disturbance (perhaps by fire) 
of the eucalypts in the past. Group 4 is predominantly invaded 
whereas group 3 has a mixture of invaded and non-invaded 
sites.
The distribution of invaded and non-invaded sites 
among the classificatory groups was significantly different 
(0.05 level) from that expected from random chance.
The classification indicated that large differences 
in forest structure exist on the Bullen Range and has demon­
strated a relationship between invasion and structure.
Invasion is heaviest on sites where there is a low density 
of trees and where the dominants are generally overmature 
and of poor vigour. These sites appear to have been dis­
turbed at some time in the past. Non-invaded sites are associ­
ated with more vigorous forest showing few signs of dis­
turbance. These sites are characterized by vigorous trees 
and advance growth, a sparse shrub cover interspersed with 
tussocks of Danthonia and support many trees from the old 
forest stand. Intermediate invasion levels tend to be found 
on sites similar to the non-invaded sites but with less 
vigorous dominant trees and advance growth and a more grassy 
understorey.
The relationships between forest structure and 
invasion can be more easily seen on the ordination produced 
by GOWER (Fig. 4-13)* The attributes most important in the
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ordination are given in Table 4.15* Vector 1 is positively 
correlated with dominant trees of poor vigour, abundance of 
overmature and senescent trees and with few coppice stems. 
Negative correlations were obtained for advance growth 
abundance, basal area, vigorous dominant trees, small crown 
gap and plentiful remains of the old forest. Vector 2 is 
positively correlated with abundance of mature trees and 
percentage cover of grasses and herbs and negatively cor­
related with abundance of pole-class trees, moderate numbers 
of coppice stems, very little organic litter, few remains 
of the old forest and a high percentage cover of shrubs. 
Positive correlations with vector 3 were obtained for a herba­
ceous stratum of tussock grasses, abundance of overmature 
and senescent trees and percentage cover of shrubs. Negative 
correlations were obtained for abundance of pole-class trees 
and tree height. Twenty-eight percent, 12% and 9% of the 
total sums of squares in the data was accounted for by 
vectors 1, 2 and 3 respectively.
The plot of vectors 1 and 2 (Fig. 4.”'3) displays 
the relationship between forest structure and pine invasion. 
Although there is some intergrading between invaded and non- 
invaded sites the invaded sites tend to cluster towards 
the upper right-hand corner of the plot whereas the non- 
invaded sites cluster towards the lower left-hand corner.
Such a pattern indicates that invasion most readily occurs 
on sites dominated by a weak overmature forest of low basal 
area with few coppice stems or remaining trees of the old 
forest and with a grassy understorey. The non-invaded sites 
are associated with an abundance of advance growth and 
pole-class trees, high basal areas, a vigorous forest canopy 
with only a small gap between crowns, some remains of the 
old forest, numerous coppice stems, moderately heavy litter 
layers and a greater cover of shrubs than on the invaded 
sites.
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TABLE 4.15 Attribute contributions for the ordination 
of structural data.
Vector 1
Attribute Correlation
Abundance of 
advance growth -O.713
Basal area -O.7 IO
Vigour of dominant 
trees-vigorous -0•626
Vigour of dominant 
trees-poor 0.573
Crown gap-<0.1 -0.563
Remains of old 
forest
-scattered trees -0.526
Abundance of 
overmature trees 0.518
Abundance of 
senescent trees 0.503
% coppice-absent 0.501
Vector 2
Attribute Correlation
Abundance of 
mature trees 0 • 661
% cover grasses 
and herbs 0.570
Abundance of pole 
class trees -0.539
% coppice-10-50% -0.535
Raw organic litter 
-absent -0.486
Herbaceous strata 
-sparse grass cover -O.43O
Remains of old forest-absent -O.4O9
% cover of shrubs -O.4O9
Vector 3
Attribute Correlation
Abundance of pole
class trees -0.544
Tree height -0.539
Herbaceous strata 
-tussock grasses- 
bare ground 0.478
Abundance of 
overmature trees 0.422
Abundance of
senescent trees 0.402
% cover of shrubs 0.360
Fire scars
-abundant 0.335
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On first inspection, vector 3 does not appear 
to be closely related to invasion, but if only the more 
vigorous forests are considered (groups 1, 2, 3 and 4 from 
the classification), vector 3 becomes quite informative by 
distinguishing between the non-invaded sites and the sites 
with intermediate levels of invasion. The non-invaded sites 
cluster at the lower right-hand corner of the plot of vec­
tors 1 and 3 (Fig. 4.13) while the sites with intermediate 
invasion levels cluster towards the lower left-hand corner.
The non-invaded sites are associated with a herbaceous stratum 
of Danthonia tussocks, more overmature and senescent trees, 
a greater shrub cover and a greater incidence of fire scars. 
The sites with intermediate invasion are associated with 
more pole-class trees, taller trees, less overmature and 
senescent trees, fewer shrubs and fewer fire scars. Most 
sites in groups 1, 2, 3 and 4 have remains of the old forest, 
and after inspecting the original data it became apparent 
that the overmature and senescent trees referred to by vector 
3 are, in the case of these sites mainly the old forest 
remains. Therefore, it appears that the non-invaded sites 
have more remains of the old forest than the sites with 
intermediate levels of invasion which contain more regrowth 
(pole) trees and few old forest trees. The greater abundance 
of fire scars on the non-invaded sites is, in part, a function 
of the greater number of old forest trees which are nearly 
always fire scared. This pattern indicates that the forests 
with the least amount of disturbance are the most invasion 
resistant, and as disturbance increases so do levels of pine 
invasion.
(c) Classification and ordination of the floristic data
MULTBET was used to classify the floristic data 
and the classification and membership of each group are 
displayed in Fig. 4.14 and Table 4.16. The contributions 
of the most important attributes at each division in the 
classification were calculated by GROUPER and are listed 
in Table 4.17.
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Group Number 8 5 6 1 2 7 3 4
No. o f Members 11 5 8 9 6 11 5 11
No. of Invaded Sites 3 3 1 5 1 5 0 0
No. of Non-invaded Sites 6 1 2 1 1 1 5 3
FIG. 4 .1 4  C l a s s i f i c a t i o n  o f  f l o r i s t i c  d a t a .  
TABLE 4 .1 6
Group No. 
1
2
Group membership i n  c l a s s i f i c a t i o n  o f  f l o r i s t i c  
d a t a .
23*, 30*, 31*,
19,  2 0 ,  2 1 * * ,
S i t e s  
32, 33* 
2 2 , 2 4 * ,
, 37 ,  45,  46**, 47* 
25
16
3 1 2** , 13**, 14**, 15**, 17**
4 1, 2**, 3* * , 4, 5 , 6, 7 , 8 , 9 ,  11 ,
5 34*, 36*, 55 * * , 64 , 65*
6 42*, 48, 56, 57 * * 5 58, 60**, 62, 63
7 1 0 , 18**, 26 * , 27, 28*, 29, 35*, 39
8 38*, 44*, 49 * * , 50 *, 51 , 52 , 53** ,
61** , 66
, 41*,
54^ 59J
43
* in v ad e d  s i t e
* * n o n - in v a d e d  s i t e
126
TABLE 4.17 Contributions of the most important attributes 
in the classification of floristic data.*
Division Groups Attributes Attribute
Contribution
1 A 1,2,5, Acacia rubida 1 2.9 %
6,7,8 E. goniocalyx 1 2.2%
Trifolium arvense 6 .Q%
Helichrysum semipapposum 3.6%
Cassinia longifolia 3-3%
B 3,4 E. macrorhyncha 12.2%
Wahlenbergia 10.8%
Leptospermum brevipes 7.6%
L. phylicoides 5.0%
2 A 5 ,6,8 Danthonia 14.1%
E. dives 11.1%
Lomandra 8.0%
Persoonia rigida 4.5%
B 1,2,7 Trifolium arvense 12.3%
E. macrorhyncha 7.8%
Helichrysum semipapposum 5.3%
E. melliodora 5.3%
3 A 8 Dillwynia 1 2.3%Hardenbergia 4.3%
B 5,6 E. dives 1 9.0%
Dodonaea 9.6%
Cassinia longifolia 9.1%
Stellaria 6.5%
Bursaria 5.5%
4 A 1,2 E. melliodora 1 1.8%Helichrysum semipapposum 11.5%
H. viscosum 8 .1%
Brachyloma 8 .1%
Cassinia longifolia 6 .8%
B 7 Rub us 7.8%
Stellaria 7.8%
Acaena anserinifolia 6.4%
A. ovina 4.4%
3 A 5 Xanthorrhoea 7.3%Helichrysum semipapposum 4.3%
Leucopogon 4.1%
*Only generic names are given except where there is more 
than one species per genus (Table B3, Appendix B).
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TABLE 4.17 (continued)
Division Groups Attributes Attribute
Contribution
5 B 6 Dodonaea 2 0.0%
Bursaria 15.6%
Cassinia longifolia 12.7#
Persoonn a rigida 7.4%
Trifolium campestre 4.5%
6 A y Dillwynia 20.2%
Persoonia rigida 16.1 %
Leucopo&on 8.8%
E. rossii 5.7%
B U Leptospermum brevipes 14.7#
Bursaria 4.7%
L. phylicoides 5.5%
7 A 1 Astroloma 7.9%
Cassinia longifolia 6 .1%
Acaena ovina 5.0%
B 2 Westringia 20.6%
E. macrorhyncha 15.0%
Xanthorrhoea 14.2%
Centaurium 13.3%
Pomaderris 5.1%
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The first division in the classification (Fig.
4.14) split the sites into those dominated by E. macrorhyncha 
and Leptospermum spp. (side B, groups 3 and 4) and those 
with Acacia rubida and E. goniocalyx as prominent species 
(side A, groups 1, 2, 5? 6, 7 and 8). Side B represents 
some of the more sheltered sites in the study area and is 
the main area dominated by E. macrorhyncha forest. Fifty 
percent of these sites were non-invaded and the other 50% 
were intermediate in invasion levels. These sites were further 
divided at division 6 into moister sites with Leptospermum 
spp. prominent (group 4)5 and steep sites with Dillwynia 
dominating the understorey (group 3)* Group 3 consisted 
entirely of non-invaded sites whereas group 4 consisted of 
non-invaded sites (2.7%) and sites with intermediate invasion.
The second division in the classification divided 
the sites with Acacia rubida and E. goniocalyx into shel­
tered sites on south-westerly aspects with Danthonia and 
Persoonia rigida dominating the understorey (side A, groups 
5j 6 and 8), and exposed sites on north-easterly aspects 
with Trifolium arvense and other herbs and low grasses domi­
nating the understorey (side B, groups 1, 2 and 7)- The 
sheltered sites had intermediate invasion levels whereas 
the exposed sites were more commonly invaded. The sheltered 
sites were further divided into very moist sites dominated 
by E. dives (side B, groups 5 and 6) and more exposed sites 
with Dillwynia prominent (group 8). Side B was divided into 
two fairly similar groups with Xanthorrhoea prominent in 
group 3 and Dodonaea, Bursaria and Cassinia longifolia 
dominating the understorey in group 6. Group 8 was predomi­
nantly non-invaded whereas group 3 contained 3 invaded 
sites and 1 non-invaded site and group 6, 1 invaded and
2 non-invaded sites.
The sites with north-easterly aspects (groups 1,
2 and 7) were divided at division 4 into sites with a good 
moisture supply with Rubus and Stellaria as common species
129
(group 7) and sites with a poor moisture supply and dominated 
by E. melliodora and Helichrysum semipapposum (group 1 
and 2). Groups 1 and 2 were finally divided into sites with 
very open forests with Astroloma and Cassinia longifolia 
prominent (group 1) and sites with more closed forests 
with Westringia and E. macrorhyncha being common (group 
2). Groups 1 and 7 were predominantly invaded groups whereas 
group 2 sites were intermediate in invasion. The distribution 
of invaded and non-invaded sites among the classificatory 
groups was significantly different (0.05 level) from that 
expected from random chance.
The floristic data were also ordinated using GOWER.
The ordination and the most important attributes in the ordi­
nation are shown in Fig. 4« 15 and Table if• 18. Nineteen 
percent, 13% and 10% of the total sums of squares in the 
data was accounted for by vectors 1, 2 and 3* Vector 1 
was positively correlated with Acacia rubida, E. goniocalyx, 
Trifolium arvense, Acaena ovina and Helichrysum semipapposum 
and negatively correlated with Dillwynia, Danthonia and 
Wahlenbergia. The positively correlated species are common 
on the north-easterly aspects and the negatively correlated 
species on the south-westerly aspects. Vector 2 was positively 
correlated with E. macrorhyncha, Leptospermum phylicoides,
L. brevipes and Pomaderris. Neagative correlations were 
obtained for Danthonia, Lomandra, E. dives and Cassinia 
longifolia. The species positively correlated with vector 
2 are common on moderately sheltered and partially disturbed 
sites, whereas the negatively correlated species are usually 
found on highly sheltered sites with little disturbance.
On the plot of vectors 1 and 2 (Fig. 4.15) the invaded sites 
cluster towards the upper right-hand corner. This indicates 
that invasion is most commonly associated with exposed sites 
having a grassy understorey. Non-invaded sites are more 
common on the more sheltered sites with Danthonia, Dillwynia 
and Lomandra common amongst the understorey. Such sites
appear to be the least disturbed of all the sites in the
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TABLE Zf. 18 A t t r i b u t e  c o n t r i b u t i o n s  f o r  t h e  o r d i n a t i o n  
o f  f l o r i s t i c  d a t a . *
V e c to r 1 V e c to r 2
A t t r i b u t e C o r r e l a t i o n A t t r i b u t e C o r r e l a t i o n
A c a c ia  r u b i d a 0 .8 1 3 E. m acro rh y n ch a 0 .7 2 7
E. g o n i o c a l y x 0 .7 8 9 D a n th o n ia - 0 . 5 9 3
T r i f o l i u m  a r v e n s e 0 .6 7 5 Lomandra - 0 . 5 3 7
D i l l w y n i a - 0 . 6 5 4 E. d i v e s - 0 . 5 3 2
D a n th o n ia - 0 . 5 6 5 Leptospermum
W a h le n b e rg ia - 0 . 3 4 7 p h y l i c o i d e s 0 .5 2 4
Acaena o v i n a 0 .5 2 8 P o m a d e r r i s 0 .5 0 8
H e l ic h ry su m
semipapposum 0 .4 8 8
Leptospermum
b r e v i p e s 0.501
C a s s i n i a - 0 . 4 8 8
V e c to r  3
A t t r i b u t e C o r r e l a t i o n
Acaena a n s e r i n i f o l i a 0 .6 2 9
H e l ic h ry su m  semipapposum - 0 . 5 9 8
Brachyloma - 0 . 5 8 3
S t e l l a r i a 0 .5 8 3
E. m e l l i o d o r a -0 .5 0 1
Dodonaea 0 .4 7 4
H e l ich ry su m  v isco su m - 0 . 4 3 0
T r i f o l i u m  c a m p e s t r e 0 .4 0 4
*G en er ic  names a r e  g iv e n  e x c e p t  where t h e r e  i s  more t h a n  
one s p e c i e s  p e r  gen u s  (T a b le  B3j Appendix B) .
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study area and have a well-developed forest canopy which 
excludes a heavy grass or herbaceous cover. Vector 3 does 
not appear to be related to pine invasion.
The ordination demonstrates that invasion is closely 
related to floristics. However, it is difficult to inter­
pret the significance of the patterns without relating the 
floristics back to the environmental and structural features 
of the forest. Therefore, although the analysis of the flor­
istics has helped to describe the forest type susceptible 
to invasion it has not helped very much in the development 
of further hypotheses on the causes of the patterns of 
invasion.
4.4.2 Discussion
Analysis of patterns based on environmental factors 
and vegetation within the Bullen Range study area, using 
classification and ordination, has provided further evidence 
that invasion patterns are linked with patterns already 
present in the native forest.
The Eullen Range was fairly uniform in environ­
mental characteristics, a change in soil texture caused by 
a geological boundary along Paddy's River and a change in 
aspect across the river being the main sources of variation 
in the environmental features. Pine invasion was closely 
related to these features with more invasion on the sandy 
loams on the west of the river and less on the clay loams 
to the east. It should be appreciated, however, that the 
structural features of the forest are closely linked with 
the environmental features. Forest structure was considered 
to be more meaningful in the interpretation of invasion 
patterns than environment.
A close relationship was found to exist between 
forest structure and invasion. Invasion was heaviest on 
sites with a low density of trees, little eucalypt regrowth,
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and poor and generally overmature dominant trees. These sites 
appear to have been disturbed in the past as they have a 
very open and grassy nature. The non-invaded forests are 
found on sites with vigorous dominant trees and advance 
growth, a sparse shrub cover and with Danthonia tussocks 
as the major herbaceous stratum with few other grasses pre­
sent. Many old forest trees remain on these sites and appear 
to have partially escaped the disturbance experienced by the 
invaded sites. The lack of pine invasion on the more vigorous 
forests agrees with the patterns found in the Thompson's 
Corner data which showed that invasion was absent in vigor­
ously growing forests with high basal areas, abundant advance 
growth, dense understorey and heavy litter layers.
Small changes in the amount of invasion on the less 
disturbed sites on the Bullen Range were also found to be 
related to differences in forest structure. Non-invaded sites 
were usually on areas which had more old forest trees and 
few regrowth stems and characteristically contained Danthonia 
tussocks as one of the major understorey components. However, 
the sites with intermediate invasion were more often associ­
ated with regrowth forests which contained few old forest 
trees and were, therefore, considered to be more disturbed 
than the non-invaded sites. The forests could have been 
disturbed by a number of factors including wildfires and 
the activities of graziers earlier in the century.
Patterns in the floristics were also related to 
invasion patterns. The ordination of the floristic data 
gave a slightly better separation of invaded and non-invaded 
sites than the ordinations of the structural or environ­
mental data. This may be because floristics are inter-related 
with environment and forest structure, and are reflecting 
the combined influences of these factors, both of which are 
related to patterns of invasion. By noting the environments 
and forest types normally occupied by the species important 
in the classification and ordination of the floristic data, 
the types of sites susceptible or resistant to invasion
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can be described. The trends observed were similar to those 
already found in the other analyses and strengthened the 
hypotheses developed from them.
Although there is some intergrading of the invaded 
and non-invaded sites on the ordinations of the structural 
and environmental data, the invaded and non-invaded sites 
appear to be more distinctly different when the two data 
sets are considered simultaneously. For example, in the 
ordination of environmental data (Fig. 4.11) one of the group 
2 sites was invaded and located among the main cluster of 
non-invaded sites on vectors 1 and 2. This site can be identi­
fied as site 50 (Table 4.10). In the ordination of structural 
data this site is a more typical invaded site (group 3>
Fig. 4.13)* Similarly, non-invaded sites 60 and 46 on the 
ordination of structural data (Fig. 4.13) are found in the 
main cluster of invaded sites yet when identified on the 
ordination or environmental data (group 1, Fig. 4*11) appear 
as typical non-invaded sites. Similar trends exist for most 
of the invaded and non-invaded sites which intergrade with 
non-invaded and invaded sites respectively.
4.5 GENERAL DISCUSSION
The classification and ordination procedure was 
very successful in reducing the complexity of the large 
amount of data collected into an easily understood form. 
Analysis of the environmental, structural and floristic 
data sets gave compatible results and the analysis of the 
two separate study areas demonstrated a reasonably consistent 
relationship between invasion patterns and patterns already 
existing in the native forest.
Results from the two analyses support the hypothesis 
that pine invasion is most common where the forest has a low 
basal area, is dominated by trees of poor vigour, has poor 
quality advance growth, and has light litter layers. Such 
forest is usually found on the dry exposed slopes, at low
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altitudes (below 800 m) and on sandy loam soils. Species 
found to be commonly associated with invaded sites were 
E. rossii, E. macrorhyncha, Monotoca scoparia, Brachyloma 
daphnoides, Acacia rubida, E. goniocalyx, Pomaderris erio- 
cephala, Leptospermum brevipes and L. phylicoides.
Non-invaded forest sites usually have higher basal 
areas, vigorous dominant trees, vigorous advance growth and 
heavy litter layers. They are usually found on sheltered 
lower slopes and gullies and on clay loam soils but can also 
be on exposed slopes at higher altitudes (above 800 m). 
Species commonly associated with non-invaded sites are 
E. robertsonii, E. viminalis, E. dives, Pteridium esculentum, 
Acaena anserinifolia, Dillwynia retorta var. phylicoides 
and Danthonia pallida.
The vegetation on both study areas consisted of a 
constantly varying mosaic of forest units with very few 
discontinuities separating these units. The invaded and 
non-invaded forests described above refer to extremes within 
this mosaic and, therefore, forests with intermediate vigour 
and exposure tended to be intermediate in invasion levels.
Results from the analysis of structural data from 
the Bullen Range indicated a possible relationship between 
disturbance and invasion levels. The most heavily invaded 
sites are associated with areas of forest which seem to be 
recovering from past disturbance. These parts of the forest 
mosaic contain very few remnants of the old forest, and are 
of a more open grassy nature than the non-invaded areas 
which contain many remnants of the old forest and have a 
more closed canopy with less grass and more shrubs in the 
understorey. The concept that past forest disturbance is 
related to invasion is examined more critically in Chapter 9*
A number of factors could be important in restrict­
ing pine invasion to the poorer quality eucalypt forests.
136
Stronger competition for resources in the more vigorous 
non-invaded forests could be preventing invasion. Alter­
natively heavy litter layers and more dense undergrowth in 
non-invaded forests could be preventing early pine seedling 
establishment. The relationship between forest disturbance 
and invasion could indicate that disturbance by sheep and 
cattle graziers earlier in the century or by wildfires has 
left the forest in a weakened condition susceptible to 
invasion. The absence of invasion at altitudes much above 
800 m could be related to poor survival of young P. radiata 
seedlings in winter, when frost and snow damage could kill 
them. Further experimentation is required to determine the 
factors which control the distribution of invasion.
137
EXPERIMENTAL WORK 
PART II
THE ESTABLISHMENT PHASE
This section studies some of the factors respon­
sible for the patterns of invasion. Early seedling estab­
lishment is seen as the most vulnerable stage in the life 
cycle of P. radiata and, therefore, a series of experiments 
was performed on the various stages of the establishment 
phase. These are described in Chapter 5«
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CHAPTER 3
THE ESTABLISHMENT PHASE
3.1 INTRODUCTION
The results of the pattern analysis indicate 
that there are distinct patterns in the distribution of 
pine invasion. The pattern analysis characterized the type 
of forest normally invaded by pines but no causative relat­
ionships could be developed because of the nature of the 
techniques used.
The absence of young pine seedlings from non- 
invaded sites suggests that it may be in the early stages 
of seedling establishment that P. radiata regeneration 
either fails or is eliminated in some way. In this chapter 
various stages in the establishment of P. radiata seed­
lings are examined with the objective of identifying those 
factors which control its present distribution.
In an initial experiment the possibility is 
examined that phytotoxins present in the eucalypt litter 
are preventing successful germination and early seedling 
development on sites not invaded by pines. The microsite 
requirements for germination and early seedling survival 
are then investigated, followed by further studies on the 
early establishment of seedlings on different forest sites. 
Finally, a study is described on the influence of browsing 
herbivores on early seedling survival and on the survival 
of well established seedlings.
The study sites
Experimental work was based on detailed studies 
of seedlings growing on a number of study sites. The 
study sites were chosen so that a wide range of invaded
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and non-invaded forest types were covered. Those sites 
with little or no pine invasion have been termed "non- 
invaded sites" and those sites which have an abundance 
of invasion are termed "invaded sites".
Nine study sites were chosen and their locations 
are given in Fig. 3*1. Not all study sites were used in 
every experiment. A brief description of each site is 
given below.
SITE 1
Not invaded; sheltered site with a southerly aspect; 
dominant eucalypt species E. macrorhyncha; understorey 
sparse and dominated by Acacia dealbata and Bursaria 
spinosa with a grassy forest floor; light litter layer.
This site represents a low altitude non-invaded
site.
SITE 2
Invaded; exposed site with a north-westerly aspect; 
dominant eucalypt species E. rossii, E. goniocalyx and 
some E. macrorhyncha; understorey very sparse with Dillwynia 
retorta var. phylicoides, Dillwynia sericea and Danthonia 
pallida being the most common species; high percentage of 
bare ground and light litter layer.
This site is a low altitude invaded site and the 
most exposed of all the study sites.
SITE 3
Invaded; moderately sheltered site with a westerly 
aspect; dominant eucalypt species E. macrorhyncha and 
E. rossii; understorey sparse with Dillwynia retorta var. 
phylicoides, Brachyloma daphnoides and Monotoea scoparia 
being the most common species; high percentage of bare
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FIG. 5.1 L o c a t i o n  o f  s t u d y  s i t e s  used f o r  e x p e r i m e n t s  on 
p i n e  e s t a b l i s h m e n t .
J
■ / '
LEGEND
Pine
Plantation
Study site I
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ground; medium litter cover and light cover of grasses 
and herbs.
This is a very heavily invaded site.
SITE 4
Invaded; moderately exposed site with north-west 
aspect; dominant eucalypt species E. macrorhyncha and 
E. rossii; understorey sparse with most common species 
being Brachyloma daphnoides, Monotoca scoparia and Dodonaea 
viscosa; high percentage bare ground; rocky outcrops; 
light cover of Poa sieberana; light litter cover.
This is a heavily invaded site.
SITE 5
Not invaded; highly exposed site with a north­
west aspect; steep slopes and a heavy cover of leaf litter; 
dominant eucalypt species E. macrorhyncha and E. rossii; 
very little understorey but with Acacia buxifolia, Dillwynia 
retorta var. phylicoides and Hibbertia obtusifolia present; 
almost no grasses or herbs.
This site is similar to an invaded site in terms 
of forest structure and floristics but no invasion is 
present.
SITE 6
Invaded; moderately exposed site with a north­
west aspect; dominant eucalypt species E. macrorhyncha 
and E. rossii; sparse understorey with Brachyloma daphnoides, 
Monotoca scoparia, Acacia dealbata and Ac. rubida; very 
little litter; high percentage of bare ground; few grasses 
or herbs.
This a heavily invaded site and is at a higher 
altitude than any of the other invaded sites.
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SITE 7
Not invaded; sheltered south-easterly aspect on 
moderately steep slopes; dominant eucalypt species E. 
macrorhyncha and E. robertsonii; understorey moderately 
dense and dominated by Cassinia longifolia, Olearia lirata 
and Acacia dealbata; moderate cover of grasses and herbs 
including Poa sieberana and Acaena anserinifolia; moderately 
heavy litter layer.
This is a non-invaded site typical of many of 
the more mesic sites at low altitudes in the Condor Creek 
Valley.
SITE 8
Not invaded; sheltered flat site; dominant eucalypt 
species E. dives, E. robertsonii and E. mannifera subsp. 
maculosa; understorey sparse with Davie si. a ulici folia,
Acacia melanoxylon, Monotoca scoparia and Brachyloma daph- 
noides; very few grasses and herbs and little bare soil; 
heavy litter cover.
This is a non-invaded site which is typical of 
those found at altitudes at around 800 m.
SITE 9
Not invaded; sheltered site with south-easterly 
aspect; rocky outcrops common; dominant eucalypt species 
E. dalrympleana and E. robertsonii; understorey moderately 
dense and dominated by Coprosma hirtella, Parahebe perfol- 
iata and Pteridium esculentum; medium litter cover; very 
rocky soil; moderate percentage of bare soil.
This site at 1100 m, is located above the altitudes 
at which pine invasion is normally found. Some snow 
usually falls on this site during winter.
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3.2 ALLELOPATHY
5.2.1 Introduction
The significance of allelopathic phytotoxins in 
natural plant communities has been well documented (Muller 
1969? Rovira 1969? Rice 1974) although the mechanisms 
through which plant growth is inhibited are poorly under­
stood.
Various species of eucalypts have been demonstrated 
to have allelopathic properties (del Moral and Muller 1969, 
1970, del Moral et al. 1978) but no comprehensive study 
has been made on the allelochemistry of the genus.
Given the relationship between the extent of invas­
ion of P. radiata and the species of eucalypts in the 
different forest communities, it is possible that allelo­
pathic chemicals in the forest litter could be responsible 
for the lack of regeneration of P. radiata on some sites.
An experiment was designed to test whether allelopathy 
plays a major role in restricting germination and early 
establishment of P. radiata.
5.2.2 Methods
Germination on the humus-topsoil layers of six 
different sites was studied; three sites were invaded by 
pines (sites 2,3 and 6) and three not invaded (sites 1,
5 and 7). The study sites are described in Section 5*1.
At each site six samples of the humus-topsoil 
layer were collected from the top 0.5-1.0 cm of the soil 
surface after first removing the dry raw litter. The 
humus-soil layer was considered to be the medium in which 
germination would normally take place. The samples were 
taken 3 m apart down the slope and each sample was taken 
from an area of approximately 0.1 m . Samples were taken 
to the laboratory and stored overnight before being used.
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Each sample was thoroughly mixed and a subsample was taken 
from each and placed in a petri dish which had small holes 
punched in the base. Each petri dish was placed in a 
small tray. The samples were moistened with distilled water 
and subsequently all watering was from below to ensure 
phytotoxins were not leached out of the soil. Sixteen 
P. radiata seeds were placed just below the soil surface 
of each sample and trays were then placed in an air-condit­
ioned glasshouse which had a maximum temperature of 27°C.
Only firm seed of average size was used to ensure a high 
percentage viability.
The soil samples were kept moist and germination 
and subsequent seedling development was monitored until 
the seedlings had shed their seed coats. A seed was considered 
to be germinated when it was first observed emerging from 
the soil.
Germination percentages were transformed using 
the arcsine ( Vx) transformation (Sokal and Rohlf 1969) 
and tested for homogeneity of variance and for normality. 
Final germination percentages (transformed) were subjected 
to an analysis of variance and differences between means 
were tested using the t test with a pooled variance estimate. 
Germination rates were compared using analysis of covariance 
of the transformed data. The 0.05 level of significance 
was used for all tests.
A germination test was made on a sample of the 
seed used in the experiment to determine its viability.
After stratification at 2°C for 48 hrs, 200 seeds were 
germinated at 23°C on filter paper over vermiculite in 
petri dishes. Tests were terminated after 28 days.
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5 * 2 .3  R e s u l t s
G e rm in a t io n  began on day 16 and maximum r a t e s  o f  
g e r m i n a t i o n  were o b s e r v e d  be tw een  days  16 and 26 ( F i g .  5 * 2 ) .  
P. r a d i a t a s e ed  would n o r m a l ly  be e x p e c t e d  to  g e rm in a t e  
a b o u t  10 days  e a r l i e r  t h a n  t h i s  b u t  b e c a u se  th e  s e e d  was 
b u r i e d  i t  was n o t  p o s s i b l e  to  o b s e r v e  t h e  i n i t i a l  s t a g e s  o f  
g e r m i n a t i o n  and,  t h e r e f o r e ,  r e c o r d s  s t a r t  when g e r m i n a t i o n  
was c o n s i d e r a b l y  ad v an ced .
The r a t e s  o f  g e r m i n a t i o n  f o r  each  s i t e  were compared 
o v e r  days 17 to  26 u s i n g ■a n a l y s i s  o f  c o v a r i a n c e  o f  th e  t r a n s ­
formed d a t a .  S i t e  6 s e e d s  g e r m i n a t e d  s i g n i f i c a n t l y  f a s t e r  
t h a n  a l l  o t h e r s  b u t  t h e  d i f f e r e n c e  was s l i g h t  and was o f f s e t  
by th e  f a c t  t h a t  t h e y  were s lo w e r  to  commence g e r m i n a t i o n .  
G e r m in a t io n  r a t e s  f o r  a l l  o t h e r  s i t e s  were n o t  s i g n i f i c a n t l y  
d i f f e r e n t .  There  were no s i g n i f i c a n t  d i f f e r e n c e s  be tween 
f i n a l  g e r m i n a t i o n  p e r c e n t a g e s .
FIG. 5*2 P e r c e n t a g e  g e r m i n a t i o n  r a t e s  i n  th e  s i x  humus- 
t o p s o i l  l a y e r s .
Site No.
Days Since Sowing
The influence of possible rapidly decaying phytotoxins 
leached from fresh litter or the forest canopy could 
not be determined from this study. However, observations 
on the development of freshly germinated seeds (Section 
5.4) growing under a range of forest floor conditions 
in different forest types suggest that such toxins 
have little apparent effect during early seedling develop­
ment.
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Percent viability for the seed used in the experi­
ment was determined to be 96% by the separate germination 
test.
5*2.4 Discussion
This experiment does not support the hypothesis 
that allelopathy is responsible for the suppression of germ­
ination of P. radiata on non-invaded sitest Germination was 
actually found to be marginally better on topsoils from 
non-invaded sites than invaded sites but by a statistically 
insignificant amount.
Much of the research into allelopathy has centred 
on studies involving the germination of seeds irrigated with 
extracts from living or dead plant material suspected to 
contain phytotoxins. This often results in seeds being sub­
jected to concentrations of phytotoxins higher than those 
normally found in the field situation. This experiment has 
tried to replicate the type of chemical environment in which 
germination would normally take place in the field. It is 
likely that more exhaustive experimentation could lead to 
the identification of phytotoxins, but because no inhibition 
of germination was observed it is concluded that any such 
toxins have only a minor impact on P. radiata germination. 
Factors other than allelopathy are, therefore, considered 
to have a much greater influence on the observed patterns 
of pine invasion.
5.3 MICROSITE REQUIREMENTS FOR GERMINATION AND EAPLY
SURVIVAL
5.3-1 Introduction
There is an enormous variability in the microtopo­
graphy of soil surfaces on the forest floor and, as some 
seeds have specific germination requirements, it is reason­
able to suggest that a seed's chances of successful germination
*See footnote on opposite page
147
would v a ry  c o n s i d e r a b l e  d e p en d in g  on th e  m ic ro en v i ro n m en t  
i n  which i t  l a n d s  (H a rp e r  e t  a l .  1965)«
D e t a i l e d  s t u d i e s  on t h e  m i c r o s i t e  r e q u i r e m e n t s  o f  
g e r m i n a t i n g  s e e d s  have been  l a r g e l y  c o n f i n e d  to  s t u d i e s  
on h e r b s  and g r a s s e s  (e.g. H a rp e r  e t  a l .  1965? Mott 1974)- Re­
s e a r c h  on th e  g e r m i n a t i o n  r e q u i r e m e n t s  o f  f o r e s t  t r e e  s e e d s  has  
c o n c e n t r a t e d  on th e  i n f l u e n c e s  o f  seedbed  t r e a t m e n t s  i n  
r e l a t i o n  to  r e g e n e r a t i n g  f o r e s t  s t a n d s  a f t e r  l o g g i n g  (F loyd  
1962, Cochran 1969? S t e r m i t z  e t  a l .  1974? Kaufmann and 
E ckard  1977) and i t  i s  o n ly  i n  r e c e n t  y e a r s  t h a t  a t t e n t i o n  
h a s  been  d i r e c t e d  to w a rd s  more d e t a i l e d  s t u d i e s  on th e  m ic r o ­
s i t e  r e q u i r e m e n t s  f o r  g e r m i n a t i o n  (Noble and A le x an d e r  1977? 
W i th e r s  1978a) .
The most  h a z a rd o u s  p e r i o d  o f  s e e d l i n g  l i f e  i s  a t  
th e  t r a n s i t i o n  s t a g e  be tw een  th e  dependence  on s e e d  r e s e r v e s  
and i n d e p e n d e n t  a s s i m i l a t i o n  (H a rp e r  1965)« L a r g e r  seeded  
s p e c i e s  a r e  l e s s  s u s c e p t i b l e  to  e n v i r o n m e n t a l  h a z a r d s  th an  
s m a l l .  H a rp e r  (1965) w r i t e s  i n  r e l a t i o n  to  i n v a d i n g  p l a n t  
s p e c i e s :
" P r e s e n t  knowledge o f  th e  b e h a v i o u r  o f  i n v a d i n g  
s p e c i e s ,  b o th  s u c c e s s f u l  and u n s u c c e s s f u l ,  s u g g e s t s  
t h a t  i t  i s  i n  p h a s e s  o f  g e r m i n a t i o n  and s e e d l i n g  
e s t a b l i s h m e n t  t h a t  t h e i r  s u c c e s s  o r  f a i l u r e  i s  most 
c r i t i c a l l y  d e te r m in e d  and i t  would seem r e a s o n a b l e  
t h e r e f o r e ,  to  lo o k  p a r t i c u l a r l y  c l o s e l y  a t  th e  
s e e d s  and s e e d l i n g s  o f  i n v a d i n g  s p e c i e s . "  (p .  261)
Many s p e c i e s  i n  t h e  genus P i n u s , i n c l u d i n g  P.  r a d i a t a , 
a r e  known to  f a v o u r  a  m i n e r a l  seedbed  f o r  g e r m i n a t i o n  ( F i e l d ­
i n g  1947? Zasada  and Gregory  1969? S h e a r e r  and Schmidt  
1970, S t e r m i t z  e t  a l .  1974)• However, m i c r o s i t e  r e q u i r e m e n t s  
f o r  th e  s u c c e s s f u l  g e r m i n a t i o n  and e a r l y  e s t a b l i s h m e n t  o f  
P.  r a d i a t a  i n  e u c a l y p t  f o r e s t s  a r e  n o t  w e l l  u n d e r s t o o d  and 
an e x p e r im e n t  was d e s i g n e d  to  i d e n t i f y  t h e  m i c r o s i t e s  f a v o u re d  
by th e  s p e c i e s .
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5.3*2 Methods
In late April 1978 P. radiata seeds were sown into 
seven different microsite types in an invaded eucalypt forest. 
The study was made at site 6 which is described in Section 
5.1. The experiment was established soon after consistent 
autumn rains began. Following summer seed falls large quanti­
ties of naturally dispersed P. radiata seed would normally 
be present on the forest floor.
The seven microsites (treatments) are described
below:
(a) Grassy: Sites with about 70% cover of low grasses 
and herbs interspersed with patches of bare ground. 
Prominant species are Poa sieberana, Tetratheca 
aff. ericifolia and Stylidium graminifolium. These 
sites are associated with water seepage lines and 
would have a better soil moisture status than the 
other sites. The vegetation cover was uniformly 
distributed on the sites, rather than occurring as 
a patchy vegetation-bare soil mosiac.
(b) Bare soil: Sites with 100% bare mineral soil with 
a maximum particle size of approximately 2.5 mm 
diameter. Most soil particles are, therefore, much 
smaller than the dimensions of a P. radiata seed.
The soil is fairly compact and undisturbed.
(c) Gravelly soil: Sites with 100% bare gravelly soil 
with a maximum particle size of approximately 8 mm 
diameter, many particles being as large or larger 
than an average P. radiata seed.
(d) Heavy litter-buried seed: Sites with a litter layer 
3-4 cm in depth and with the seeds buried below 
the litter. The litter consists mainly of eucalypt 
bark and leaves.
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(e) Heavy litter-surface seeded: Sites as for (d) except 
that seeds were dropped on top of the litter layer; 
the litter was gently agitated so that the seeds 
fell a small distance below the surface.
(f) Light litter-buried seed: Sites with a litter layer 
about 1.0 cm in depth and with the seeds buried 
below the litter. Litter is similar in composition 
to (d).
(g) Light litter-surface seeded: Sites as for (f) except 
that seeds were dropped on top of the litter layer; 
the litter was gently agitated so that seeds fell 
just below the surface.
In treatments (a), (b) and (c) the seeds were 
placed in small depressions on the soil surface simulating 
the manner in which seeds would naturally lodge themselves 
after being buffeted by wind and rain.
Ten replicates of each treatment were subjectively 
chosen over an area of approximately 60 m x 40 m. At each of 
the 70 spots an open-ended galvanised iron cylinder of 4 cm 
depth and 30 cm diameter was pressed into the soil so that 
3.0-3*5 cm of the cylinder projected above the soil surface. 
This ensured that seed sown inside the cylinders would remain 
there after sowing. Twenty seeds were evenly distributed 
inside each of the galvanised iron cylinders which were then 
protected by 13 mm mesh wire netting covers, secured by steel 
tent pegs. Only firm seed of average size was used and seeds 
were sown at least 4 cm away from the galvanised iron.
Replication sites were chosen so that they were as 
similar to each other as was possible to estimate visually. 
Random location of planting sites was not possible as the 
forest floor was highly variable and there would have been 
no suitable basis for comparing sites chosen in this manner.
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The source of seed used in this experiment was from 
trees growing at the CSIRO Division of Forest Research 
nursery, Canberra. The use of dewinged seed was necessary as 
no supply of winged seed was readily available at the time 
of the experiment. A separate germination test of seed used 
in the experiment was performed using the method described 
in Section 5*2.2.
It was possible to observe germination in all but 
the two heavy litter treatments where extension of the radicle 
was hidden by the thick litter layer. Therefore, seedling 
emergence only was recorded for the heavy litter treatments.
Numbers of living seedlings at each planting spot 
were periodically recorded over the 12 months following 
sowing. Survival records were transformed using the arcsine 
(Vx) transformation (Sokal and Rohlf 1969) and tested for 
homogeneity of variance and normality. Analysis of variance 
and the t test using a pooled variance estimate were used 
to test for differences in germination and survival between 
treatments at different times during the experiment. The 
0.05 level of significance was used in all statistical tests.
5.3*3 Results
Cold weather was prevalent during autumn and no 
extended warm moist period was experienced until the follow­
ing spring. Progress in germination and subsequent survival 
for each treatment is displayed in Fig. 5*3* For convenience 
in discussion "germination" is defined as the extension of 
the radicle followed by successful penetration of the germ­
ination medium.
Despite the cold winter conditions germination 
occurred between July and mid-October with seedling numbers 
peaking in October. After a late end to the spring rains in 
December, seedling numbers dropped rapidly during the hot 
dry months of January and February, but stabilized after
U I DJ
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heavy rains in early March which marked the end of the dry 
summer period.
Germination was initially more rapid for the grassy, 
gravelly soil and bare soil treatments than for the light 
litter treatments. By mid-September, two months after germina­
tion began, the germination levels of the two light litter 
treatments had caught up with those of the grassy, gravelly 
soil and bare soil treatments. Emergence of seedlings in the 
two heavy litter treatments was very slow and took until 
mid-October to reach levels similar to the other treatments.
Table 5.1 shows the number of living seedlings on 
the various microsites at the time of peak survival in 
October (cf. 97% viability of seed as determined in separate 
germination tests).
TABLE 5.1 Ranked numbers of living seedlings on each micro­
site on 18 October 1978; expressed as a percentage 
of the total number of seeds sown. (Linked values 
are not significantly different at the 0.05 
level.)
Microsite Number of Seedlings (%)
Light litter-buried seed 86.5 -j
Grassy 78.5 =
Heavy litter-buried seed 73.5 =
Gravelly soil o•oo-
Light litter-surface seeded 69.0:
Bare soil 59.0:
Heavy litter-surface seeded 48.5-
The high germination rates indicate that seed 
collection by animals small enough to enter the protective 
wire exclosures was not a limiting factor to seedling
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establishment.
The greatest number of seedlings was recorded on 
the light litter-buried seed and grassy treatments. The heavy 
litter-buried seed, gravelly soil and light litter-surface 
seeded treatments also supported large numbers of seedlings.
The bare soil treatment, while initially displaying rapid 
germination, suffered early losses and the maximum number of 
living seedlings did not reach the levels of most of the 
other treatments. The heavy litter-surface seeded treatment 
consistently showed the lowest levels of seedling emergence 
and subsequent survival.
The onset of the summer dry period was accompanied 
by a high mortality rate among all treatments. Table 5*2 
shows the percentage survival for each treatment after the 
end of the summer stress period (the time when records ceased). 
Most of these seedlings would be expected to survive until 
at least the following summer.
TABLE 5*2 Ranked post-summer survival levels for each, micro­
site, April 1979; expressed as a percentage of 
the total number of seeds sown. (Linked values 
are not significantly different at the 0.05 level.)
Microsite % Survival
Grassy 32.0,
Gravelly soil 23.5:
Light litter-buried seed 1 1 .0:
Bare soil 7 • 5:
Light litter-surface seeded 4.5:
Heavy litter-buried seed 1.5=
Heavy litter-surface seeded 1.0-1
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The grassy and gravelly soil treatments had the 
highest and second highest survival rates respectively and 
stand out as being the most favourable microsites for seed­
ling survival.
The two heavy litter treatments both suffered heavy 
losses during the summer with only 5 survivors between the 
two treatments. The light litter-buried seed, bare soil and 
light litter-surface seeded treatments showed intermediate 
survival rates with the light litter-buried seed treatment 
having the highest rate and the light litter-surface seeded 
treatment the lowest,
5.3«4 Discussion
The results indicate that there are favoured micro­
environments for rapid germination and also for initial 
survival and early establishment of P, radiata seedlings. 
Germination occurred through winter and it appears that 
germination would occur at any time in the year given an 
adequate moisture supply. The most critical stage in the 
establishment phase is during the first dry summer period 
and it is, therefore, crucial that seedlings become as well 
established as possible in preparation for this stress period.
Seeds on the grassy, gravelly and bare soil treat­
ments displayed an advantage over those on the four litter 
treatments by germinating more rapidly and hence establishing 
themselves earlier in the spring and reducing the time during 
which there were seedlings in the highly vulnerable stage 
of initial establishment. The difference between soil surface 
temperatures under a clear sky and temperatures beneath the 
litter could partly explain this phenomenon, as air tempera­
tures were quite low during the germination period* and were
*Average monthly maximum temperatures for June, July, August 
and September were 9*9? 8.5j 10.9  and 1 2 . 6°C  at the Blue 
Range meteorological station 2.5 km away.
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probably a limiting factor to germination. Seeds in the 
comparatively exposed grassy, gravelly and bare soil treat­
ments would experience warmer conditions under direct sun­
light than those in the litter treatments where temperatures 
would be kept relatively lower by the insulating and shading 
properties of the litter. The warmer conditions would promote 
germination provided the soil surface was moist enough.
Similarly, differences in germination rates of the 
litter treatments may be related to temperature. Seeds in 
the light litter layers would receive more radiant heat than 
those in heavy litter layers. In addition buried seed would 
receive less radiant heat than seed near the surface of the 
litter. The light litter-surface seeded treatment showed 
the most rapid germination rate followed by the light litter- 
buried seed, heavy litter-surface seeded and heavy litter- 
buried seed treatments. The slower observed germination of 
the heavy litter treatments may be partly due to the lag 
between germination and emergence but it is unlikely that 
this lag would be as great as the one month period indicated 
by the data.
Individual pieces of eucalypt litter can retain 
their shape and rigidity for many months before becoming 
fragmented (Florence 1961). Eucalypt leaf and bark fragments 
have much greater dimensions than a germinating pine seed­
ling and can be a major obstacle to the radicle when attempt­
ing to penetrate to the soil below (P. radiata germination 
is epigeal; i.e. the primary root elongates and grows into 
the soil before the cotyledons expand and emerge from the 
seed coat). The failure of the heavy litter-surface seeded 
treatment to achieve a high initial survival is probably 
closely related to this initial difficulty, with a signifi­
cant proportion of the seeds exhausting their food reserves 
before they could emerge and begin independent assimilation.
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An additional factor which would limit germination 
in eucalypt litter is the litter's poor moisture holding 
capacity. The loose, uncompacted nature of eucalypt litter 
prevents the uptake of soil water into the litter by capil­
lary action and causes the litter to dry out rapidly after 
rain. Frequent showers are necessary to keep the litter wet 
and once properly dry, a heavy shower of rain may be neces­
sary to rewet the litter (Gilmour 1968). Seeds lying in 
the litter would have an unreliable water supply and hence 
the surface seeded litter treatments would have a disadvantage 
over the buried seed treatments which would have ready access 
to a more reliable water supply from the soil.
Once the radicle has reached the soil, a light 
cover of litter may be an advantage as it helps stop the 
soil surface from rapidly drying after rain. This may be 
a contributing factor to the very high number of successful 
germinations on the light litter-buried seed treatment.
However, this advantage may be lost later in summer once 
the soil beneath the litter dries out because the litter 
can then act as a barrier to effective penetration of light 
summer rains (Gilmour 1968) and so negate the beneficial 
effect such rain may have had on water stressed seedlings 
growing in the litter.
Many seedlings establishing on the bare soil treat­
ment died early in the experiment despite an initially rapid 
germination. This was mainly caused by poor penetration into 
the soil followed by short periods of dry weather which 
desiccated any seedlings not able to tap water from other 
than the immediate surface layers of the soil. The gravelly 
soil treatment was more successful in initial seedling survival 
and early establishment. The advantage of gravelly over bare 
soil could be a result of the greater protection from desic­
cation offered to the seeds by the larger particle sizes and 
by the better seed-soil contact on an undisturbed soil result­
ing from the combination of large particles and a finer
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soil matrix. The less compact gravelly soil would also permit 
more rapid penetration of the radicle enabling seedlings 
to cope with short dry periods.
As summer approached moisture availability became 
more critical and because of the better water supply in the 
grassy treatment combined with the partial shade offered by 
the grass, seedlings on these sites had greater chances of 
survival than on any of the other sites. The surface of the 
gravelly sites dried fairly rapidly after rain, but this 
was compensated for by the rapid penetration of rain into 
this medium even after extended dry periods so that seed­
ling survival was high. The bare soil sites had a slight water 
repelling property once the surface was properly dry (Gilmour 
1968) making temporary relief of moisture stressed seedlings 
often impossible after light summer showers and, therefore, 
survival was low on these sites. The litter treatments showed 
the greatest number of drought deaths, demonstrating the poor 
moisture status of the soil immediately beneath the litter.
Insect damage is another factor which can limit 
initial seedling survival but in this experiment only 1.5% 
of the seedlings suffered from insect attack and none of these 
died directly as a result of insect damage. A notable feature 
was, however, the higher incidence of attack on the light 
litter-surface seeded treatment (7%) compared with the other 
treatments (less than 1%). This would contribute to the decline 
in seedling numbers on this treatment by weakening the 
seedlings prior to summer. The two common forms of damage 
were removal by ants of the seed from the emerging cotyledons 
before the endosperm was exhausted and eating of the growing 
tip by an herbivorous web-spinning larva.
Pine invasion is commonly associated with sites 
having grassy understorey, bare ground and gravelly soils. 
Invasion resistant areas commonly have heavy litter layers 
and little bare ground (Chapter A). Germination and initial
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survival would, therefore, be favoured on invaded sites and 
suppressed on non-invaded sites.
In conclusion, there are distinct microenvironments 
which are favourable to P. radiata germination and initial 
establishment. Microenvironments found to be favourable are:
1) a light cover of grass interspersed with small 
patches of bare ground, and
2) bare gravelly soils.
Light litter layers and compacted bare soil are 
not nearly as favourable and heavy litter layers are most 
unfavourable. Invaded sites are commonly associated with 
favoured microenvironments and non-invaded sites with unfav­
ourable ones. However, the forest floor on non-invaded and 
invaded sites has a wide variety of both favourable and 
unfavourable microenvironments and the above factors must 
be seen as contributing towards invasion patterns and not 
as being solely responsible for them.
5.4 THE EARLY ESTABLISHMENT PHASE
5.4*1 Introduction
Immediately after germination P. radiata seedlings 
face a variety of environmental hazards, the severity of 
which can vary enormously between forest sites. Seedlings 
may also have to form successful mycorrhizal associations at 
an early stage to ensure normal healthy growth (Cromer 1935).
In establishing a series of studies on the seedling 
establishment phase it seemed possible that environmental 
conditions on the invaded sites could be more suitable for 
the early establishment of P. radiata seedlings than non- 
invaded sites, and if so, this could help explain the patterns 
of invasion. For example, non-invaded sites characteristically 
have a moderately dense understorey and good quality dominant
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trees. Competition for soil resources could be more intense 
in these forests than in the poorer quality invaded forest 
sites. Interspecific competition could, therefore, be respon­
sible for the exclusion of invasion from the better quality 
eucalypt forests.
Climatic extremes at soil surfaces vary considerably 
with changes in altitude and also with changes in degree 
of exposure and this may influence early pine seedling 
survival. Frost injury may be an important factor limiting 
pine invasion at high altitudes and in frost hollows. Frost 
damage is common among P. radiata seedlings in New Zealand 
(Forest Research Institute, New Zealand 1976a) and Rook 
et al. (1974) found that winter frosts of -10°C will kill 
or severely injure one to two year old seedlings. P. radiata 
invasion is rarely found above 900 m in the A.C.T. and frost 
injury may be partially responsible for this phenomenon.
Winter snow-falls are also associated with high altitudes.
The natural distribution of P. pinaster in Corsica is limited 
to below the snowline because the species is sensitive to 
snow damage (Scott 1962) and because P. radiata does not 
encounter snow in its native habitat (Lindsay 1932), it may 
also suffer from snow damage in a similar manner in the A.C.T.
Maximum soil surface temperatures can vary greatly 
over short distances with changes in aspect. Gilmour (1969) 
studied soil temperatures at 2.5 cm below the soil surface 
on exposed and sheltered sites in the Cotter Valley and found 
differences in maximum soil temperatures of 14°C, The maximum 
temperature recorded was 53*5°C on an exposed firebreak.
This temperature would be lethal to most seedlings and higher 
temperatures are to be expected at the soil surface. The 
majority of invaded sites are on fairly exposed aspects and 
extreme soil surface temperatures may limit the density 
of invasion on these sites.
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The availibility of soil moisture is associated 
with microclimatic extremes. The soil surface horizon on 
exposed sites will often dry out very rapidly after rain 
and seedling mortality may be high on such sites during 
summer as a result of desiccation. Fearnside (1974) found 
soil moisture to be the major limiting factor for survival 
and development of P. radiata seedlings regenerating in 
forest coupes after logging in the A.C.T. At the other 
extreme a continuous supply of water on sheltered sites during 
winter can reduce the oxygen supply to the roots of seedlings 
and also increase the chances of fungal attack.
Experiments were conducted over a range of forest 
sites to assess the impact of these various factors on the 
success of early seedling establishment in different envir­
onments.
5.4.2 Methods
Four invaded sites (sites 2, 3> 4 and 6), and four 
non-invaded sites (sites 5? 7» 8 and 9) were chosen for 
study. These are described in Section 5«1• The study sites 
were distributed over a range of vegetation types found in 
the broad area of study. On each site a 40 m x 40 m plot 
was subjectively located in what appeared to be a typical 
area of forest. The plot was divided into four 40 m x 10 m 
blocks and five planting spots were randomly located within 
each block using co-ordinates generated from random numbers. 
Planting spots were circular with a diameter of 30 cm. If 
the planting spot defined by the co-ordinates was occupied 
by a tree stump or rock outcrop the nearest practicable 
spot was used instead. P. radiata seeds were germinated in 
trays of vermiculite in the glasshouse and when the radicles 
had elongated to between 5 and 30 mm they were transferred 
to the field where ten seedlings were pricked into each 
planting spot. Seedlings were watered after planting to assist 
initial survival. The method used to prick the seedlings 
out was to part the soil with a knife blade, insert the
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radicle into the hole and press the soil back into place 
with the seed coat just at the soil surface. Each planting 
spot was protected from animals by 30 cm high 13 mm mesh 
wire netting exclosure which was secured by steel tent- 
pegs. The experiment was established in early October 1977 
and repeated the following year in mid-April 1978 using 
the same plots but with planting spots 2 m to the north of 
those in the first experiment. Seedling emergence and sur­
vival at each planting spot were periodically recorded for 
the following 9 months in the first experiment and for 12 
months in the second. Site 9 received snow-falls between 
July and October 1978 and the wire netting exclosures offered 
the seedlings considerable protection from the snow. This 
problem was overcome to some degree by visiting the site 
after major snow-fall events and gently sprinkling snow over 
the seedlings until the snow level in the exclosures was 
equal to that outside.
The percentage survival data were transformed using 
the arcsine (y/x) transformation (Sokal and Rohlf 1969) 
and subjected to an analysis of variance. Heights of seed­
lings in Experiment 2 were recorded in February 1979 and 
tested for inter-site differences also using analysis of 
variance. Significant differences (0.05 level) between sites 
for the percentage survival and height data were detected 
using the t test with a pooled variance estimate.
Minimum thermometers were installed on the soil 
surface at sites 2, 5? 6 and 9 on 26 July 1978 and minimum 
temperatures were recorded to determine whether frost temp­
eratures could be related to seedling mortality.
When the experiments were terminated the seedlings 
were carefully dug up and the roots were inspected for the 
presence of mycorrhizal associations.
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5 . 4« 3 R e s u l t s
E x p e r im e n t  1 ( S p r i n g  e s t a b l i s h m e n t )
R e s u l t s  f o r  E x p er im e n t  1 a r e  shown i n  F i g .  5*4« 
C o n d i t i o n s  f o r  growth were f a v o u r a b l e  d u r i n g  i n i t i a l  e s t a ­
b l i s h m e n t  b u t  l i t t l e  r a i n  f o l lo w e d  and th e  1977 s p r i n g  was 
one o f  t h e  d r i e s t  on r e c o r d  i n  th e  A.C.T.  C o n s e q u e n t ly  t h e r e  
was a h ig h  m o r t a l i t y  r a t e  amongst  s e e d l i n g s  a t  a l l  s i t e s .
The d ry  c o n d i t i o n s  ended a t  t h e  b e g i n n i n g  o f  J a n u a r y  w i th  
heavy summer r a i n s  p e r s i s t i n g  f o r  most o f  th e  month.  Few 
s e e d l i n g s  d i e d  a f t e r  th e  d ry  p e r i o d  en ded .
The e i g h t  s i t e s  f a l l  i n t o  two s i g n i f i c a n t l y  d i f f e r ­
e n t  g r o u p s ,  t h o s e  which had m odera te  m o r t a l i t y  r a t e s  b u t  
were l e f t  w i th  a b o u t  20% s u r v i v a l  a f t e r  summer ( S i t e s  7? 8 
and 9) and t h o s e  which had e x t r e m e l y  h ig h  m o r t a l i t y  r a t e s  
w i th  v e ry  low o r  no s u r v i v a l  a f t e r  summer. The 3 s i t e s
FIG. 5*4 S e e d l i n g  s u r v i v a l  on th e  e i g h t  e x p e r i m e n t a l  s i t e s :  
E x p e r im e n t  1.
Site No-
Heavy
Rain
'invaded site
• -
19781977
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which had the better survival were non-invaded sites and 
with the exception of site 5 (non-invaded) the sites with 
very low survival were invaded sites. Site 5 has no pine 
invasion but in terms of forest structure and floristics 
has the appearance of an invaded site and was similar to 
the invaded sites with respect to its seedling survival.
The non-invaded sites with moderate survival are sheltered 
sites and post-summer survival was closely related to degree 
of exposure of the site. Final survival percentages are 
given in Table 5.3*
TABLE 3*3 Ranked final percentage survival of seedlings
in Experiment 1 (linked values are not signifi­
cantly different at the 0.05 level).
Site Survival {%)
7 27.0,
9 20.0-
8 15.5
6* 0.5i
5, 4*, 3*, 2* 0 I
*invaded sites
Site 7 is the most sheltered site followed by 
site 9 and then site 8. The other sites are all much more 
exposed.
Experiment 2 (Autumn establishment)
The patterns of survival in this experiment were 
quite different from those previously recorded, with a much 
greater survival at most sites after summer (Fig. 5»5>
Table 5.4).
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Site No.
FIG. 5*5 Seedling survival on the eight experimental sites: 
Experiment 2.
Despite the fact that germination had already 
occurred seedling emergence was spread over four months 
after planting and, therefore, progress in survival could 
not be recorded over this initial period. The slow emer­
gence is probably a result of low temperatures experienced 
over this period. Emergence was a little more rapid on the 
invaded sites. This may be related to warmer soil surface 
temperatures; alternatively it may be simply due to the 
absence of a heavy litter layer on the invaded sites making 
it easier to spot the emerging seedlings.
Seedling numbers remained fairly constant on most 
sites between June and December but with two important 
exceptions, sites 7 and 9 (non-invaded). Losses from damping
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off were high on site 7 and resulted in survival dropping 
from one of the highest to the lowest pre-summer survival 
of any site. Damping off was not a problem on any of the 
other sites although minor losses were experienced on site 
8 (non-invaded) from this cause. Snow damage was the main 
reason for the high losses between July and October on 
site 9* Heavy snow-falls were recorded on site 9 in early 
July, with lighter falls in mid-August and mid-October. 
Unfortunately the wire netting covers gave the seedlings 
considerable protection from the snow and it was only pos­
sible to artificially cover the seedlings with snow after 
the two main snow-falls. Losses were, therefore, not nearly 
as great as they might have been had the seedlings not 
been protected.
With the onset of summer, seedling mortality 
increased and was quite high on those sites which suffered 
heavily in Experiment 1; i.e. the four invaded sites (2,
3, 4 and 6) plus site 5« Only site 2 approached 100% mort­
ality, however, demonstrating the benefits of establishment 
prior to the commencement of the spring growing season. 
Survival on sites 7? 8 and 9 remained relatively unaffected 
by the dry period in January and February.
There were significant differences between the 
sites in final survival percentages at the end of the summer 
and, on average, invaded sites had lower survival than 
non-invaded sites although the differences were not nearly 
as obvious as in Experiment 1. Table 5*4 summarizes final 
survival percentages and significant differences between 
sites.
Sites 4> 8 and 9 had the highest survival and 
site 2 the lowest. The only invaded site to have a high 
survival was site 4 which had the highest survival of any 
site despite a high mortality rate over the dry summer 
period. The very high initial survival of seedlings on this
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TABLE Ranked final percentage survival of seedlings
in Experiment 2. (Linked values are not signifi­
cantly different at the 0.05 level.)
Site Survival {%)
4* 481
8 46:
9 45:
5 33:
7 26:
6* 18:
3* 17
2* 2
*invaded sites
site followed by good growing conditions until December 
1978 enabled a large number of seedlings to survive the 
summer period. The reason for the high initial survival 
is not known but could be related to more favourable moist­
ure and temperature regimes on this site immediately after 
planting. The three other invaded sites (6, 3 and 2) had 
the lowest survival levels with survival on site 2 being 
particularly low. Survival on sites 8 and 9 (non-invaded) 
was high and not significantly different from that of site 
4. The other two non-invaded sites (5 and 7) had intermed­
iate levels of survival.
The heights of all living seedlings were measured 
in February. Significant differences existed between sites 
and are summarized in Table 5*5«
There is no clear distinction between seedling 
heights on invaded and non-invaded sites although on the 
average seedlings on non-invaded sites were significantly 
taller than those on invaded sites. Growth rate was not
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TABLE 5*5 Ranked mean heights of seedlings at each site:
13 February 1979* (Linked values are not signifi­
cantly different at the 0.03 level.)
Site Mean Height Number of
(cm) Seedlings
7 9.2-1 61
3* 8.3’ 43
8 8.0 96
4* 7.8-1 118
9 7.1, 91
3 6.6J 85
2* 3.4! 28
6* 5.3' 64
*invaded sites
closely related to survival rate. Site 5 seedlings are 
the smallest among the non-invaded sites and site 7 seed­
lings are the tallest despite the poor rate of survival 
on this site.
Minimum soil surface temperatures on sites 2,
5, 6 and 9 are shown in Table 5*6. The absolute minimum 
recorded was -4°C at sites 2 and 95 the lowest and highest 
altitude sites respectively. There were no obvious differ­
ences between the temperature minima recorded at the dif­
ferent sites.
At the end of the experiments seedling roots were 
inspected for the presence of mycorrhizal associations. 
Seedlings were found to have developed successful associ­
ations on every site. Because only 4 seedlings survived 
on site 2 the roots of other naturally invading pine seed­
lings were excavated to check for mycorrhizal infections 
and all displayed positive results.
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TABLE 5.6 Minimum soil surface temperatures (°C)
Recording Period Site
2 5 6 9
26/7/78 - 1/8/78 -4.0 -2.0 -2.0 4.0
2/8/78 - 25/8/78 -4.0 -3.0 -2.5 -4.0
26/8/78 - 6/9/78 -2.5 -2.3 -3.0 2.0
7/9/78 - 25/9/78 0 0.5 -0.30 0
26/9/78 - 19/10/78 -2.0 -0.5 -1.0 -2.0
20/10/78 - 18/12/78 1 .0 3.0 1.5 6.0
5.A•4 Discussion
In both experiments seedling survival was greater 
on non-invaded than on invaded sites. Height growth recorded 
after autumn establishment was also better on non-invaded 
sites. It seems reasonable, therefore, to suggest that 
the environmental conditions on non-invaded sites are more 
suitable for early establishment than invaded sites when 
seedlings are protected by wire exclosures.
Most seedling deaths on invaded sites resulted 
from summer drought stress while fatalities on non-invaded 
sites were often related to other causes. The impact which 
drought stress has on developing pine seedlings on invaded 
sites is highly significant and it is likely that this is 
a major factor limiting pine invasion densities on these 
sites. It is critical that seedlings on invaded sites be 
well established before the onset of summer. The failure 
of the spring establishment in Experiment 1 demonstrates 
this point. A wet summer period would greatly enhance 
chances of survival and could result in a peak in regenera­
tion. This may be a partial explanation for the peak in 
regeneration following the 1967-68 drought (Section 3*2)
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because the 1968-69 summer was a wet one with no prolonged 
dry spell.
Of the non-invaded sites, only site 5 demonstrated 
extremely high losses from summer drought and this combined 
with poor growth rates may be an important contributing 
factor to the exclusion of pine invasion from this site.
It has been suggested that site 5 is atypical of non-invaded 
sites because it is similar to the invaded sites in terms 
of forest structure and floristics. Other factors are, 
therefore, probably more important in excluding pine invasion 
from most other non-invaded sites.
In Experiment 2 snow damage was largely responsible 
for a 3&% reduction in seedling numbers at site 9 (non- 
invaded) and if the seedlings were not protected by wire 
netting it is likely that losses would have been very much 
greater. The virtual absence of invasion above 900 m may 
be largely because young P. radiata seedlings are easily 
killed by snow damage. Temperature records indicated no 
appreciable differences in minimum temperature on the study 
sites. The absolute minimum temperature recorded was -4°C
and it appears a killing frost would rarely be encountered.
«
These observations are supported by meterological data 
collected by Evans (1971) in the Brindabella Ranges. Rook 
et al. (1974) found temperatures of -3°C had no affect on 
one to two year old pine seedlings and even an unseasonal 
frost of -6°C killed only a low percentage of their experi­
mental stock. A frost of -10°C was considered to be a criti­
cal temperature for seedling survival. Frosts of -10°C 
are virtually never encountered in the study area in the 
Brindabella Ranges.
Damping off in Experiment 2 caused a 30% reduction 
in seedling numbers on site 7 (non-invaded) and may be 
a barrier to seedling establishment on some extremely 
sheltered sites. Damping off was also observed early in
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the experiment in a small number of seedlings on non-invaded 
site 8 but once past initial establishment most seedlings 
on this site survived for the remainder of the experiment.
The absence of invasion on this site could be partly because 
of the presence of a moderately deep litter layer which has 
been shown to be unfavourable for germination (Section 5*3) • 
The reason does not appear to be related to difficulties 
during early establishment.
Non-invaded forests are usually more vigorous than 
invaded forests and at the outset it seemed reasonable to 
expect that competition for light, nutrients and water 
would be greater on non-invaded sites, accounting for the 
limited invasion of these sites. However, the sites with 
the most vigorous forests are sites 7 and 8 and yet seedlings 
on these sites had the highest and third highest height 
growth rates respectively, suggesting that competition from 
the native forest is not preventing invasion or restricting 
the subsequent first year of growth.
Mycorrhizal associations were found on the roots 
of seedlings on all sites thus eliminating the possibility 
that the absence of mycorrhizae may be preventing success­
ful establishment on non-invaded sites.
Results from the experiments on the early establish­
ment phase cannot explain why invaded sites are preferable 
to low altitude non-invaded sites for pine regeneration.
In fact, the results would suggest the reverse to be true.
The use of protective wire netting exclosures was necessary 
in this experiment to observe the early establishment of 
seedlings in the absence of interference from herbivorous 
mammals. These animals may, in fact, play an important part 
in early seedling survival. Further experimentation was 
required to assess their influence on pine regeneration.
1 7 1
5-5 EARLY SURVIVAL OF ESTABLISHED SEEDLINGS
5.5.1 Introduction
The survival of established seedlings will be 
affected by many factors including those which influence 
germination and initial survival. In some cases, however, 
the optimum conditions for germination and early establish­
ment may not be the most favourable for growth and develop­
ment of older seedlings. For example, Prochnau (1963) 
found that initial survival of four conifer species in 
Canada was generally best on mineral soil seedbeds but 
seedling height growth was best on mixed seedbeds of humus 
and mineral soil.
Previous experiments have shown that initial 
survival of P. radiata seedlings is strongly influenced 
by moisture availability during summer, and is greater on 
sheltered sites than on exposed sites. However, invasion 
normally occurs on the dry exposed sites and is usually 
absent from sheltered sites. Clearly, factors other than 
moisture availability are more important in determining 
seedling survival, one possibility being browsing by native 
and introduced animals.
Selective grazing by deer in North America has 
been shown to reduce or eliminate preferred forage species 
when animal populations are high (Klein 1970). Similarly, 
in Australia, the rabbit was found to be responsible for 
the virtual elimination of Caliiiris regeneration during 
the rabbit plagues earlier in the century (Zimmer 1944) 
and for the high mortality of Call!tris seedlings in more 
recent years (Johnston 1969). Native or introduced mammalian 
herbivores could play a similar role in controlling the 
spread of P. radiata invasion.
Many native animals are known to feed on the foliage 
and cambial layers of P. radiata. Some of the well known
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species are the mountain possum (Trichosurus caninus), 
the brush-tailed possum (T. vulpecula), the black-tailed 
wallaby (Wallabia bicolor) and the allied rat (Rattus 
assimilis) (McNally 1955)* Some introduced animals will 
also feed on P. radiata foliage including the European 
rabbit (Oryctolagus cuniculus) (Fielding 1947? Fearnside 
1974) and almost certainly the domestic pig (Sus scrofa).
The brush-tailed possum, black-tailed wallaby, European 
rabbit and domestic pig are all common in the Cotter River 
catchment (Eberhard and Schulz 1973)«
In the invaded forests many of the regenerating pine 
seedlings show signs of browsing damage0 The influence 
which browsing herbivores have on the survival of P. radiata 
seedlings has been studied only in pine plantations (Fielding 
1947? McNally 1955)« Because the role played by herbivores 
in a eucalypt forest is likely to be quite different, a 
series of experiments was designed to investigate the influ­
ence of herbivorous mammals on the invasion of P. radiata.
An exploratory experiment was designed to determine whether 
browsing animals have a significant impact on seedling 
survival. Subsequent experiments examined the relative 
degrees of browsing on various invaded and non-invaded 
sites, and a final experiment determined whether eucalypt 
and pine seedlings suffer similar amounts of browsing 
damage.
5.5*2 Experiment 1
Methods
An invaded site (site 6) and a non-invaded site 
(site 7)? were chosen for study. The two sites were 80 m 
apart, and are described in Section 5*1. At each site a 
20 m x 20 m plot was located in an area visually assessed 
as being typical of the surrounding forest. Each plot was 
divided into four 20 m x 5 m blocks, and five 30 cm x 30 cm 
planting spots were randomly located within each block 
using co-ordinates generated from random numbers. At each
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planting spot three one-month old P. radiata seedlings were 
planted and protected from animals by 13 mm mesh wire net­
ting exclosures secured by steel tent pegs. Three more 
seedlings were planted 1.5 m to the north of each plant­
ing spot and these were left unprotected. This gave a total 
of 60 protected and 60 unprotected seedlings per site.
Great care was taken to disturb the soil as little as 
possible when planting the seedlings so that animals would 
not be attracted to the planting spots because of the soil 
disturbance.
Seedlings for the experiment were raised in jiffy 
pots in the glasshouse. To ensure a uniform seedling size, 
seeds were first germinated in trays of vermiculite and 
when the main flush of germination began freshly germinated 
seeds were pricked into jiffy pots filled with a sterile 
mixture of 50% loamy topsoil and 50% sand. Before being 
planted into the field the seedlings were hardened off by 
subjecting them to an increasing water stress and by placing 
them in the open for increasing amounts of time. After one 
month of growth in the glasshouse the seedlings had reached 
a height of approximately 4 cm. Seedlings grown in the field 
would not reach this height until after about 6 months of 
growth.
The experiment was established in late January 
1977 during dry weather and it was necessary to water the 
seedlings every second day for the first week and twice 
a week for the subsequent two weeks to ensure initial 
survival•
Seedling survival and condition were recorded 
periodically over the following year. A distinction was 
made between seedling deaths resulting from drought stress 
and deaths resulting from browsing. Drought induced deaths 
were characteristically accompanied with dieback of the 
growing tip followed by yellowing of the lower needles and
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finally death. Browsing was readily recognized because a 
previously healthy seedling would be left with only a few 
needles or no needles at all. In cases where all the needles 
are eaten all needle primordia are destroyed and regenera­
tion of the foliage is impossible and death immediately 
follows. If a few needles are left undamaged the seedling 
may or may not survive but if it died it was recorded as 
death from browsing damage.
Results
Seedling losses from drought stress on the invaded 
site were extremely high (Fig. 5*6(a) and (b)) with only 
5 protected and 2 unprotected seedlings surviving more than 
four weeks. Losses from browsing were negligible. On the
FIG. 5*6 Seedling mortalities from browsing and drought:
(a) protected seedlings, invaded site (site 6).
(b) unprotected seedlings, invaded site.
(c) protected seedlings, non-invaded site (site ?)•
(d) unprotected seedlings, non-invaded site.
(a)
droughtr
(b)
to ta l
drought
browsi ng
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non-invaded site drought stress was not as severe and 35$ 
of the protected seedlings survived the summer (Fig. 5.6(c)). 
However, none of the unprotected seedlings survived for more 
than three weeks because all the seedlings which were not 
killed by drought stress (30$) were eaten by herbivores 
(Fig. 5.6(d)).
Discussion
The rapidity with which the seedlings were browsed 
on the non-invaded site suggests that P. radiata seedlings 
are palatable to herbivores frequenting the area and that 
browsing damage can be quite significant on this site.
Unfortunately most seedlings on the invaded site 
quickly died from drought stress and the influence of herbi­
vores on this site could not be assessed. The fact that 
only one seedling on the invaded site was browsed and that 
two unprotected seedlings survived until the following year 
suggests that browsing on this site may not be as great 
as on the non-invaded site but this would have to be tested 
by further experiments.
Because the seedlings had to be watered it is 
likely that animals were attracted to the planting spots.
It would, therefore, be desirable to establish any further 
experiments at a time when watering would not be necessary.
5.5*3 Experiment Z
Because the influence of browsing on seedling 
survival was substantial in Experiment 1 a second experiment 
was designed to cover a larger number of sites. Additional 
precautions were taken to ensure the disturbance during 
planting did not attract the attention of herbivores in 
the area.
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Methods
Three invaded sites (sites 2, 3 and 6) and three 
non-invaded sites (sites 1, 5 and 7) were selected as study 
areas. These are described in Section 3«1• At each site 
plots were located in the same manner as in Experiment 1. 
Plots on sites 6 and 7 were located 300 m to the south of 
those used in Experiment 1.
The same basic design as used in Experiment 1 
was followed but with a few modifications. The number of 
planting spots was increased to 28 (7 per 20 m x 5 m block). 
Three protected and three unprotected seedlings were planted 
at each planting spot giving a total of 84 protected and 
84 unprotected seedlings per plot. A quarter of the unpro­
tected seedlings were initially protected by wire exclosures 
for the first three weeks after planting to allow the dis­
turbance from planting to subside. These seedlings were 
then uncovered and the wire exclosures were placed about 
1 m away from the seedlings (to minimize the visual dis­
turbance of moving the exclosures).
The pine seedlings were raised using the same method 
as in Experiment 1.
The experiment was established in May 1977 and 
heavy rain fell immediately after establishment thus assist­
ing in settling the soil around the unprotected seedlings.
Seedling condition and causes of death were moni­
tored over the following year. Survival data were trans­
formed using the logistic transformation and differences 
between sites were detected using analysis of variance of 
the transformed data and chi-square as the test statistic 
(Winer pers. comm.). Heights of seedlings were recorded 
periodically and differences between sites were detected 
using analysis of variance and the t test.
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At the end of the experiment the seedlings were 
dug up and the roots were inspected for mycorrhizal infec­
tions.
Results
Survival of protected seedlings was excellent in 
all plots and it was not until December 1977 that a sig­
nificant number died (Fig, 5*7). Deaths were mainly a 
result of drought stress and losses were very high on site 
2 (invaded) and also quite high on sites 1 and 5 (non- 
invaded). Drought deaths on the other sites were low.
Deaths of unprotected seedlings resulting from 
browsing damage were initially low for the first month 
(Fig, 5*8(a)) suggesting that few animals were attracted 
to the disturbance caused by planting. However, between
FIG. 5*7 Mortality rates of protected seedlings.
Site No.
*invaded site
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* invaded
O 50-
'  •  • • "
* invaded
FIG. % 8  M o r t a l i t y  r a t e s  o f  u n p r o t e c t e d  s e e d l i n g s .
(a )  Browsing  m o r t a l i t i e s
(b)  T o t a l  m o r t a l i t i e s
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July and September there were extremely high losses on 
site 7 and to a lesser extent on site 1, both non-invaded 
sites. The other non-invaded site, site 5? had a lower 
incidence of browsing. Browsing activity on this site was 
fairly similar to that of the invaded sites (6, 3 and 2),
The period October to December 1977 was very dry and seed­
lings previously damaged from browsing were too weak to 
survive over this dry period causing an increase in morta­
lity during November and December. Survival of seedlings 
which were initially protected for three weeks after planting 
was not significantly different from that of the other 
unprotected seedlings. Percentage mortalities at the end 
of the experiment were tested for significant differences 
and results are presented in Table 5.7*
TABLE 5*7 Ranked percentage mortalities from browsing 
and ranked total mortalities of unprotected 
seedlings at each site on termination of Experi­
ment 2; 2? March 1978. (Linked values are not 
significantly different at the 0.05 level.)
Browsing Mortalities Total Mortalities
Site % Site %
7 98' 1 10011
1 93* 5 98:
6* 69 -1 7 98 J
5 58 ■ 2* 93-J
3* 49: 6* 75
2* 44. 3* 55
*invaded sites
Browsing mortalities were greater on non-invaded 
than invaded sites with 98, 93 and 58% browsing mortality 
on the non-invaded sites (sites 7? 1 and 5) and 69? 49 
and 44% browsing mortality on the invaded sites (sites 6?
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3 and 2).
The difference between invaded and non-invaded 
sites is more pronounced when the combined effects of 
drought and browsing are considered (Fig. 3.8(b), Table 
3.7). No drought deaths occurred until mid-October and total 
mortality curves are identical to the browsing curves until 
that time. However, during November and December signifi­
cant numbers of seedlings died from drought stress on sites 
2 and 5 boosting mortality on site 5 (non-invaded) to 
98% in January, and the mortality at site 2 (invaded) to 
93% in March. Unprotected seedlings on sites 1, 3> 6 and 
7 suffered a low mortality from drought stress. Drought 
losses on site 1 (non-invaded) were low because most seed­
lings had already been killed by browsing (drought deaths 
of protected seedlings were high on site 1). As a result 
of the combined effects of drought and browsing the final 
mortality levels on all three of the non-invaded sites 
were close to 100%, and except for the invaded site 2 
were significantly higher than the invaded sites. Final 
mortality on site 2 (93%) was only slightly lower than the 
non-invaded sites.
The heights of the seedlings were measured in 
December 1977 and May 1978 (Table 5.8) and analysis of 
variance showed that there were significant differences 
between sites on both occasions.
Among the protected seedlings those on site 7 
(non-invaded) grew the fastest and those on sites 5 (invaded) 
and 2 (non-invaded) grew the slowest and second slowest 
respectively. Seedlings on the other sites had intermediate 
growth rates.
The unprotected seedlings were significantly 
smaller than the protected ones on every site, and those 
on the invaded sites were taller than seedlings on the
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n o n - in v a d e d  s i t e s .  The s e v e r e l y  r e d u c e d  growth  r a t e s  o f  
t h e  u n p r o t e c t e d  s e e d l i n g s  on s i t e s  1 and 7 ( n o n - in v a d e d )  
can be a t t r i b u t e d  to  th e  i n f l u e n c e s  o f  b ro w s in g  and the  
o c c a s i o n a l  s m o th e r in g  o f  s e e d l i n g s  by e u c a l y p t  l i t t e r .
TABLE 5*8 Ranked mean h e i g h t s  o f  p r o t e c t e d  and u n p r o t e c t e d  
s e e d l i n g s .  (L inked  v a l u e s  a r e  n o t  s i g n i f i c a n t l y  
d i f f e r e n t  a t  t h e  0 . 0 5  l e v e l . )
December 1977 May 1978
P r o t e c t e d
S e e d l i n g s
U n p r o t e c t e d
S e e d l i n g s
P r o t e c t e d
S e e d l i n g s a
S i t e H e ig h t  n^ 
(cm)
S i t e H e ig h t
(cm)
n S i t e  H e ig h t  
( cm)
n
7 7 . 9 83 3* 5.1 45 7 13. 1 78
1 6 • 8 r 82 2* 4 .5 ] 45 3* 11 .4 70
6* 6 . 7 84 6* 4.CH 30 6* 1 0 .6 , 84
3* 82 5 3 .3 i i 40 1
O
J.
O
40
2* 5 . 4 75 7 3 .0 7 2* 8 . 3 , 25
5 4 .8 84 1 2.3-* 8 5 7 . 1 J 48
^ u n p r o t e c t e d  s e e d l i n g  h e i g h t s  n o t  g iv e n  a s  t h e r e  were too 
few s u r v i v o r s  on s i t e s  1 , 2 , 5  and 7 to  a l l o w  m e a n in g fu l  
c o m p a r i s o n s .
^n = number o f  s e e d l i n g s  
* in v a d e d  s i t e s
At th e  end o f  t h e  e x p e r im e n t  a l l  s u r v i v i n g  s e e d l i n g s  
had d e v e lo p e d  m y c o r r h i z a l  a s s o c i a t i o n s .
D i s c u s s i o n
The r e s u l t s  s u p p o r t  t h e  h y p o t h e s i s  t h a t  b ro w s in g  
damage can s e v e r e l y  r e s t r i c t  p in e  i n v a s i o n  on some non- 
in v a d e d  s i t e s  and when combined w i th  th e  e f f e c t s  o f  d r o u g h t  
s t r e s s  can v i r t u a l l y  e l i m i n a t e  r e g e n e r a t i o n  from a l l  the
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non-invaded sites. For example, site 7 represents a shel­
tered non-invaded site with a fairly vigorous eucalypt 
canopy over a moderately dense understorey. Pine seedlings 
rarely suffered from drought on this site but browsing 
damage was severe. Site 1 is among the poorer quality non- 
invaded sites and pine seedlings on this site experienced 
both quite severe drought stress and browsing damage.
Site 5 is an atypical non-invaded site which is similar 
in respect to forest structure and floristics to an invaded 
site. Neither drought damage nor browsing damage alone 
could account for the absence of invasion on this site 
but their combined effect resulted in the virtual elimina­
tion of seedlings. Drought stress was severe on the invaded 
sites but lower levels of browsing were experienced result­
ing in greater levels of survival.
Browsing intensities were not constant during the 
experiment suggesting that groups of animals or perhaps 
individuals frequented a site for a period of time and then 
moved on to other areas. There is insufficient evidence 
to suggest that browsing activity peaks at certain times 
of the year but this is a possibility which may have great 
significance for seedling survival. If browsing peaked during 
a critical period for seedling survival (eg. mid-summer) 
then mortalities could be much higher than what would be 
expected at other times of the year.
An additional factor which in some instances appeared 
to be highly influential in restricting seedling growth 
rates was the smothering effect of eucalypt litter. Litter 
was observed to both fall on top of seedlings, and on 
steep slopes move slowly downhill over the seedlings. In 
cases when the seedling is only temporarily covered by 
leaves photosynthesis would be restricted by the low light 
intensities beneath the litter. In other cases falling 
twigs or branches crush the seedling and the growing tip 
must reorient itself in a vertical direction. In this
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case a few weeks or even months may be required before 
active height growth is resumed. A less obvious form of 
growth retardation can be induced by litter slowly moving 
downhill over the seedling. In this case the litter may 
only move a centimetre in a month or two, but if the litter 
is resting against the seedling stem the seedling must 
continually reorient the growing tip to the vertical and 
also divert assimilates towards the formation of reaction 
wood in order to resist the topling action of the litter. 
This phenomenon was frequently observed at site 5«
The combined effect of browsing damage and leaf 
smothering was probably responsible for the slow growth 
rates of unprotected seedlings on the typical non-invaded 
sites (sites 1 and 7)* Unprotected seedling growth rates 
were slowest on these sites whereas the growth rates of 
protected seedlings were higher than on any other site.
As for previous experiments, mycorrhizal infection 
was found to be present on the roots of seedlings at every 
site and did not appear to be influencing invasion patterns.
Experiment 3
Experiment 2 was repeated in the Spring of 1977 
to support observations made in that experiment, and to 
determine whether browsing intensities and the impact of 
browsing on seedling survival change at different times 
of the year. If, for example, seedlings were damaged just 
before summer they would have little chance of surviving 
because only the most vigorous seedlings may survive the 
summer stress period.
Experience gained in the first two experiments 
meant that reliable diagnoses of the causes of death of 
unprotected seedlings could be made. It was decided, there­
fore, to reduce the number of seedlings protected by wire 
exclosures and increase the unprotected seedling sample
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size. In addition, by using fewer wire exclosures the visual 
impact of plot establishment was reduced and, therefore, 
animals would be less likely to be abnormally attracted 
to the site.
Methods
The general method used in Experiment 2 was used 
for this experiment except that the number of protected 
seedlings was reduced and the number of unprotected seed­
lings increased. Seedlings on one planting spot in each 
of the four 20 m x 5 m blocks were protected by wire exclo­
sures at each site. At every other planting spot unprotected 
seedlings were planted 1 m either side of the defined point 
which was marked by a small wire peg. Unprotected seedlings 
were also planted 1,5 m to the north of the protected seed­
lings. This gave a total of 156 unprotected seedlings and 
12 protected seedlings. The small number of protected seed­
lings allowed a comparison to be made between protected 
and unprotected seedlings if there were any unexpected 
factors causing mortality.
Plots were located approximately 50 m from those 
in Experiment 2 except that in the cases of sites 6 and 7 
the plots were located midway between those in Experiments 
1 and 2 (about 250 m from each). The plot at site 7 was 
established under a light cover of bracken.
The experiment was established in mid-October 
1977* Seedling condition and cause of death was recorded 
over the following 18 months and heights of surviving 
seedlings were measured in January 1979*
Results
As previously stated, the October-December period 
in 1977 proved to be one of the driest on record in the 
A.C.T., and consequently the seedlings had little opportu­
nity to establish a root system before experiencing severe
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drought stress. As a result, most seedlings became desic­
cated and died within 6 weeks of planting, and with the 
exception of those on site 7 all were dead by December, 
Therefore, no useful comparisons could be made between 
sites and only the results for site 7 are presented (Fig. 
5.9)* The results are very different from those in the pre­
vious experiment. Drought losses were high (32%) but brow­
sing damage was much lower than previously (only 12.8% 
mortality). Death was mainly caused by animals digging up 
the seedlings, or covering the seedlings with earth as a 
nearby spot was dug up (40% mortality). Although the ini­
tial disturbance of seedlings may have resulted from inqui­
sitive animals inspecting the freshly disturbed earth 
left after planting, most of the mortality is thought to 
be a result of the normal daily activity of a pair of 
superb lyrebirds (Menura novaehollandiae) frequently seen
FIG. 5*9 Seedling mortalities on site 7.
dug up
drought
browsed
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in the vicinity of the plot. Over the duration of the experi­
ment most of the readily accessible soil surface on the 
plot was turned over a few times and only those seedlings 
under the cover of fallen branches or thick undergrowth 
escaped. However, surviving seedlings were in turn severely 
restricted by their heavy protecting cover. Most were 
covered with leaves or crushed by branches for much of the 
time and grew very slowly. Heights of the surviving seed­
lings were measured in January 1979* Those protected by 
exclosures (8 survivors) had a mean height of 14.4 cm 
and were significantly taller (0.05 level) than the unpro­
tected seedlings which had a mean height of only 6.5 cm 
(25 survivors).
Discussion
The rapidity with which most seedlings in this 
experiment died from drought stress once again points to 
the importance of early establishment to ensure survival 
through the subsequent summer. On only one site (site 7) 
did an appreciable number of seedlings survive this stress 
period.
The level of browsing activity was much lower on 
site 7 than what it was in Experiment 2. There is insuf­
ficient evidence to suggest that the decrease in browsing 
is a seasonal effect. The decrease is mainly attributed 
to the greater protection offered by the leaf litter and 
bracken cover. Gilbert (1961) and Cremer (1969) found a 
similar pattern in the browsing of eucalypt seedlings by 
wallabies and possums in Tasmania. Seedlings which were 
inaccessible were browsed infrequently compared to more 
accessible seedlings.
The large numbers of seedlings which were dug 
up points to another important effect which animals can 
have on the regeneration of pines in sheltered non-invaded 
eucalypt forests. The plot at site 7 was only 30 m from
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a frequently used superb lyrebird dancing mound and it is 
very likely that the damage to the seedlings was caused 
by the pair of birds frequenting the area. The digging 
was typical of that done by lyrebirds in their search for 
food amongst the litter and surface soil on the forest 
floor. Seedlings protected by heavy undergrowth and dead 
branches were less frequently disturbed by digging.
The difference in height growth between protected 
and unprotected seedlings is attributed to the smothering 
of seedlings by eucalypt litter as well as the influence 
of browsing damage.
5*5*5 Experiment 4
Because few conclusions could be drawn from Experi­
ment 3, a similar experiment was repeated during July and 
August 1978.
In this experiment both pine and eucalypt seedlings 
were planted so that a comparison could be made between 
the levels of browsing damage on pines and eucalypts over 
a range of sites.
Methods
The sites used in Experiments 2 and 3 (sites 1,
2, 35 5? 6 and 7) were used again and plots were located 
about 50 m from those used in previous experiments.
The general method adopted in Experiment 3 was 
again followed, with 28 planting spots per plot. However, 
in this experiment three eucalypt seedlings were planted 
on one side of the planting spot, and three pine seedlings 
on the other side of the spot. About 2.5 m separated the 
two groups of seedlings at each planting spot. At one 
planting spot in each of the four 20 m x 5 m blocks the 
eucalypt seedlings were protected by a wire exclosure.
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No pine seedlings were protected. This gave a total of 
84 unprotected pine seedlings, 72 unprotected eucalypt 
seedlings and 12 protected eucalypt seedlings.
The species of eucalypts planted were E. macror- 
hyncha and E. rossii. E. macrorhyncha was planted at sites
1 and 7 and 50% E. macrorhyncha and 50% E. rossii were 
planted at sites 2 , 3> 5 and 6. The species planted were 
those which naturally occur on these sites. The seed used 
for the experiment was from local provenances. The eucalypt 
seed was germinated in trays of vermiculite and seedlings 
were pricked into jiffy pots filled with the same sterile 
soil mixture used for the pine seedlings. The eucalypt 
seedlings were grown for 6 weeks in a heated glasshouse, 
transferred to an unheated glasshouse for a week in June 
and then transferred to a bush-house for all of July.
The hardening off treatment was necessary in order to avoid 
frost damage after planting out in the field. When ready 
for planting the eucalypts were about 5 cm high and had
2 to 4 pairs of seedling leaves.
The pine seedlings were raised in the same way 
as in Experiment 2 and hardened off in an unheated glass­
house for a fortnight. The pines were planted in the field 
in mid-July. The eucalypts were planted 3 weeks later.
Seedling condition and cause of death was moni­
tored for the following 9 months. Differences between seed­
ling mortality on different sites were detected using analy­
sis of variance of transformed data using the logistic 
transformation and chi-square as the test statistic. No 
distinction was made between the two eucalypt species in 
the data analysis. Heights of surviving seedlings were mea­
sured in January and differences between sites were detected 
using analysis of variance and the t test.
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Results
The browsing of pine seedlings was higher on non- 
invaded sites than invaded sites and many seedlings which 
were severely weakened from browsing died at the onset of 
the summer dry period in January and February (Fig, 9*10(a)). 
The difference between invaded sites and non-invaded sites 
was more distinct than in Experiment 2. The invaded sites 
all showed very low levels of pine browsing. As in Experi­
ments 1 and 2, seedlings on the non-invaded site 7 had 
very severe browsing damage, resulting in the virtual 
elimination of pine seedlings only 3 months after planting.
Although there were significant differences between 
the levels of browsing of eucalypts at the different sites 
there was no clear difference between invaded and non- 
invaded sites (Fig. 5«10(b)). Browsing did not eliminate 
eucalypt seedlings from any site.
Table 5*9 shows the final percentage mortalities 
from browsing for pines and eucalypts together with total 
mortalities from both browsing and drought stress combined.
TABLE 5.9 Ranked percentage mortalities from browsing and 
ranked total mortalities at each site on termi­
nation of Experiment 4* (Linked values are not 
significantly different at the 0.05 level.)
Pine Seedlings Eucalypt Seedlings
Browsing Total Browsing Total
Mortalities Mortalities Mortalities Mortalities
Site % Si te % Site % Site %
7 99 2* 99i 5 50-1 6* 92i
5 54, 7 99' 7 40 = 2* 83
1 1 96^ 6* 39 = 5 79 =
6* 14ii 5 82, 2* 25 = 1 72:
2* 13= 3* 77= 3* 21 7 60:
3* 11 6* 64* 1 8 3* 56-*
*invaded sites
PE
R
C
EN
TA
G
E 
M
O
R
TA
LI
TY
190
invaded site
invaded site
FIG. 5 .10  Browsing  m o r t a l i t y  r a t e s  f o r  (a )  p in e  s e e d l i n g s  
and (b)  e u c a l y p t  s e e d l i n g s .
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Browsing mortalities of pine seedlings were much 
greater on non-invaded sites than invaded sites (99j 54 
and 42% mortality on non-invaded sites compared with 14?
13 and 11% mortality on invaded sites). However, eucalypt 
browsing mortalities were only slightly higher on non- 
invaded sites (50, 40 and 8% mortality on non-invaded 
sites and 39? 25 and 21% mortality on invaded sites).
On the non-invaded sites browsing mortalities of 
pine seedlings were consistently greater than those for 
eucalypt seedlings. Mortalities for pines were 99? 54 and 
42% compared with 40, 50 and 8% for eucalypts on sites 
7, 5 and 1 respectively. The differences were highly sig­
nificant for sites 7 and 1 but were not significant for 
site 5» This pattern of browsing strongly contrasts with 
that on the invaded sites where browsing mortalities of 
pine seedlings were consistently lower than those for euca­
lypt seedlings. On the invaded sites 6 , 2 and 3? pine brow­
sing mortalities were 14? 13 and 11% compared with eucalypt 
browsing mortalities of 39? 25 and 21% respectively. The 
differences were only of marginal significance (0.1 level) 
on sites 2 and 3 bat were significant (0.05 level) on site 
6 •
These differences suggest that herbivores browse 
pine seedlings in preference to eucalypts on non-invaded 
sites and eucalypts in preference to pines on invaded sites. 
However, the differences between pine and eucalypt browsing 
on the invaded sites are relatively small and need to be 
treated with care. The differential patterns of browsing 
of pines and eucalypts on both the invaded and non-invaded 
sites need to be confirmed by repeating the experiment a 
number of times before any firm conclusions can be reached.
Drought stress caused a large number of seedling 
deaths, particularly over the summer of 1978-79 although 
large numbers of eucalypt seedlings died during short dry
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periods earlier in the year. The combined effects of brow­
sing and drought caused high mortalities among both pines 
and eucalypts on all sites (Fig, 5*11(a) and (b)).
As in Experiment 2, total pine seedling mortality 
was lowest on the two invaded sites 6 and 3 (Table 5«9)*
The third invaded site (site 2) in this experiment 
suffered extremely heavily from drought (only one seedling 
was left alive at the end of the experiment) and on the 
non-invaded site 5, mortalities were slightly lower. This 
resulted in a less distinct difference between invaded and 
non-invaded sites than what was found in Experiment 2.
The plot used at site 2 in this experiment was even more 
exposed and rocky than that used in Experiment 2 and it is 
likely that the increased exposure resulted in a greater 
number of seedling deaths from drought stress.
Eucalypt seedlings suffered early losses from 
drought stress (Fig, 5*11(b)) but the upturn in mortality 
over the dry months of January and February was not as 
pronounced as for pines, A large number of eucalypt seed­
lings on sites 2 and 5 were smothered by eucalypt litter 
and this may account for some of the deaths which occurred 
before summer on these sites. No clear differences in 
final total mortality levels of eucalypts exist between 
invaded and non-invaded sites although there was a slightly 
greater mortality on the invaded sites (Table 5*9) •
In general, total eucalypt mortalities were sig­
nificantly lower than total pine mortalities. Total pine 
mortalities were 99» 99» 96, 82, 77 and 64% whereas total 
eucalypt mortalities were 83» 60, 72, 79» 36 and 92% for 
sites 2,7» 1» 5» 3 and 6 respectively. Site 6 was an 
exception with total eucalypt mortalities significantly 
greater than pine mortalities. The difference on site 5 
was not significant at the 0.03 level.
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1
* invaded site
____ 4
■& E . . . ------ --------------------I----------------------------- I------------------------------,----------------------------- ,------------------------------ ,---------------------------1----------------------------- 1-------------------
J A S O N D J F M A
invaded site
FIG.  3 . 11 T o t a l  m o r t a l i t y  r a t e s  f o r  (a )  p i n e  s e e d l i n g s  
and (b)  e u c a l y p t  s e e d l i n g s .
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Heights of seedlings were measured in January 
1979 (Table 5.10),
TABLE 9 .10 Ranked mean heights of protected and unprotected 
seedlings, (Linked values are not significantly 
different at the 0.05 level. Meaningful stat­
istical comparisons could not be made for the 
protected eucalypts because of the low sample 
size.)
Eucalypts Pines
Unprotected Protected Unprotected
Site Height
(cm)
na Site Height
(cm)
n Site Height n
(cm)
7 10.6 38 7 14.7 10 3* 8 .8-1 73
1 8.8 44 r 1 9.9 6 5 8 .4 J 65
3* 8.6 32 : 3 9.0 5 1 7.2i 65
5 7.7 38 3* 7.4 9 6* 7.0J 692* 7.4 25* 2* G. 6 4 2* 3.9 75
6* 4.8 13 6* 3.4 3 7 - 0
*invaded sites
an = number of seedlings
Growth of unprotected eucalypts was, on average, 
better on non-invaded sites. Growth was best on site 7 
and slowest on site 6. The other sites had intermediate 
growth rates and differences between them were generally 
not significant. Growth of the protected eucalypts was also 
better on non-invaded sites than invaded sites but because 
the sample size was small, differences between sites cannot 
be tested with any confidence.
Pine growth was best on site 3 and slowest on site 
2. No seedlings survived on site 7 and, therefore, no 
measurements could be taken on this site. There were
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no obvious differences between invaded and non-invaded 
sites.
Discussion
Results from this experiment strengthen the con­
clusion from previous experiments that browsing of pine 
seedlings on non-invaded sites is greater than on invaded 
sites. In addition, the results indicate that herbivores 
on the non-invaded sites browse pine seedlings in preference 
to eucalypt seedlings and on the invaded sites browse euca- 
lypts in preference to pines. The experiment would have 
to be repeated a number of times to determine whether this 
is a real effect or not but if it is, then such a pheno­
menon would favour pine survival on invaded sites and 
eucalypt survival on non-invaded sites. A possible explana­
tion for this could be that with the change in habitat from 
the invaded site to the non-invaded site there is an accom­
panying change in the species of herbivores responsible for 
the browsing damage.
Pine mortalities from browsing and drought stress 
combined were higher on non-invaded sites than on invaded 
sites but because of a high incidence of drought deaths 
on the invaded sites the differences were not as clear as 
in Experiment 2. There was a greater survival on site 5 
than previously experienced but because this experiment was 
conducted over a shorter time period than the others it 
is possible that mortalities would continue to rise on this 
site given a greater period of time. However, height growth 
on site 5 was quite good and it is possible that the plot 
used in this experiment was more favourable for pine growth 
than the plots used in other experiments.
Growth of pines and eucalypts was generally better 
on the non-invaded sites. This backs up previous observations 
and suggests that competition for resources is not severely 
restricting the growth of young seedlings on the non-invaded
sites despite their greater understorey cover.
The greater success of eucalypt seedlings on 
non-invaded sites suggests that the factors limiting euca­
lypt seedling survival are quite different from those 
for pines.
5•5•6 General Discussion
Results from the four experiments support the 
hypothesis that browsing of P. radiata seedlings by mam­
malian herbivores plays an important role in restricting 
the spread of P. radiata invasion into some eucalypt forests 
Browsing of pine seedlings is most severe in the more shel­
tered eucalypt forests which have a greater percentage 
cover of understorey shrubs and herbs. On those sites which 
are invaded by P. radiata browsing is less severe. These 
conclusions are strengthened by a recent study by Leigh 
and Kolgate (1979) who studied grazing by native herbivores 
in dry sclerophyll eucalypt forests in the Canberra region. 
They concluded that grazing, particularly of certain species 
after fire, exerts a profound effect on community species 
composition and structure and can lead to the virtual 
elimination of palatable species in some forests.
Results from Experiment 4 suggest that on the 
invaded sites eucalypt seedlings are browsed in preference 
to pine seedlings whereas the reverse appears to be true 
on non-invaded sites. This would favour pine survival on 
the invaded sites and eucalypt survival on the non-invaded 
sites. Further experiments would be needed to confirm that 
this is a real effect.
Seedlings which were sheltered by heavy litter 
layers and dense undergrowth suffered less browsing. This 
phenomenon was also observed by Gilbert (1961) and Cremer 
(1969) who studied the browsing of eucalypt seedlings in 
Tasmania. However, the protection offered by the litter
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and undergrowth was detrimental to seedling survival because 
seedlings tended to be smothered by eucalypt litter. Smoth­
ering by litter can severely retard growth and in some 
cases kill seedlings. Pine seedlings are not well adapted 
to growing in this type of environment because they -are 
not capable of rapid shoot extension when there is an opportu­
nity to emerge from the litter. In contrast, eucalypt seed­
lings have the ability to sprout shoots from most leaf 
axils at any time and to elongate extremely rapidly out 
of the litter. This gives them the ability to cope with 
repeated smotherings by leaf litter. The influence which 
leaf litter has on seedling survival has received little 
attention in the literature and the little research which 
has been done concentrates on northern hemisphere deciduous 
hardwood forests (Koroleff 1954? Gregory 1966). It is, 
therefore, an area which would be worthy of more critical 
study in the Australian eucalypt environment in the future.
In all of the experiments summer drought stress 
played a major role in limiting seedling survival. In some 
instances drought stress was responsible for up to 86% 
mortality among established pine seedlings and when seed­
lings were not given adequate time to establish themselves 
drought stress often caused 100% mortality. In general 
the combination of drought stress and browsing causes greater 
pine mortality on invaded sites than on non-invaded sites 
and together they play a major role in controlling the 
distribution of pine invasion. The levels of invasion on 
invaded sites are probably determined to a large degree 
by the severity of drought normally experienced over summer. 
Pine seedlings are particularly vulnerable to drought 
stress in their first summer season but once they survive 
this period their chances of surviving are good on an invaded 
site. Few seedlings more than one year old died from drought 
stress in the experiments on browsing.
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Browsing was not the only form of animal activity 
which affected seedling survival. Animals which forage for 
food on the forest floor can disturb large areas of the 
surface soil and dig up many seedlings in the process. The 
superb lyrebird was thought to be responsible for damage 
of this type at one experimental site. The domestic pig 
is common in the study areas and could also be responsible 
for damage of this nature. Sites with topsoil containing 
a high organic matter content were most commonly disturbed 
in this manner and such soils are usually associated with 
forests resistant to pine invasion.
During its first year of growth a pine seedling 
is highly vulnerable to browsing damage but as it increases 
in size its foliage becomes less palatable to herbivores 
and its stem becomes lignified and more resistant to brow­
sing. The shorter the time a seedling is in the highly 
vulnerable stage the greater its chances of survival.
The species of animals which were responsible for 
the browsing of seedlings were not determined. The brush­
tailed possum (Trichosurus vulpecula), common wombat (Vom- 
batus ursinus), swamp wallaby (Wallabia bicolor), grey 
kangaroo (Macropus giganteus), southern bush rat (Rattus 
fuscipes), European rabbit (Qryctolagus cuniculus) and 
domestic pig (Sus scrofa) are all residents in the Cotter 
Valley (Eberhard and Schulz 1973) and all could be partly 
responsible for browsing P. radiata seedlings.
Competition for resources may be expected to be 
more intense on the more vigorous non-invaded eucalypt forests 
but seedling growth was found to be consistently better 
on these sites suggesting that competition is not preventing 
invasion.
Mycorrhizal infection was found to be present on 
the roots of pine seedlings at all sites and is, therefore,
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probably not of great significance in determining the chances 
of seedling survival.
9.6 SURVIVAL OF WELL ESTABLISHED SEEDLINGS
5.6.1 Introduction
After surviving several years, a P. radiata seed­
ling has passed the most vulnerable stages of its life 
cycle and its chances of surviving until maturity begin 
to increase. Catastrophic events such as wildfire or extended 
severe drought can still kill it but most other hazards 
would merely restrict its growth.
Browsing herbivores can still have an influence 
on survival but only when repeated browsing prevents the 
seedling from growing beyond browsing height. Possums can 
continue to damage mature pine trees (Barnett et al. 1977) 
but cannot kill them,
A small exploratory experiment was established 
in January 1977 to investigate the influence of browsing 
herbivores on older P. radiata seedlings.
5.6.2 Methods
A 20 m x 20 m plot was located on site 6 (invaded 
site) and on site 7 (non-invaded site). These sites are 
described in Section 5*1• Eight 18-month and eight 6-month 
old P. radiata nursery seedlings were planted at randomly 
located planting spots within each plot. The nursery seed­
lings were bare root planting stock from the CSIRO Division 
of Forest Research nursery. The 18-month seedlings averaged 
37 cm in height and the 6-month seedlings 7 cm. Weather 
conditions were hot and dry at the time of planting and 
it was necessary to water the seedlings occasionally for 
the first two weeks after planting.
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Seedling condition was recorded over the following 
two years and seedling heights were measured periodically.
5.6*3 Results
Survival after planting was good considering the 
very dry conditions at the time of planting. Two 6-month 
old seedlings died on site 6 and three on site 7. One 
18-month old seedling died on site 7.
The levels of browsing were very low until May 
1977 when a large number of seedlings were heavily browsed. 
Browsing damage continued on many seedlings for the fol­
lowing 18 months and a large number on the non-invaded site 
suffered from repeated attack.
Figure 5*12 summarizes the condition of the seed­
lings at one and two years after planting. Browsing damage 
was only light on the invaded site and remained fairly static 
over the second year after planting. However, damage was 
severe on the non-invaded site and continued over the two 
years. Damage was heaviest for the 6-month old planting 
stock but was also very heavy for the 18-month stock.
Mean heights of seedlings are given in Table 5.11. 
The lower heights of the seedlings on the non-invaded site 
resulted from the repeated browsing of the leading shoots.
TABLE 5*11 Mean heights of well established seedlings 
at one and two years after planting.
Site Planting
Stock
Height (cm) 
after 1 year
Height (cm) 
after 2 years
6 18-month 49.8 72. 1
(invaded) 6-month 10.3 20.3
7 18-month 40.4 46.5
(non-invaded) 6-month 4.0 3.0
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FIG. 5.12
No. of 
Seedlings
No. of 
Seedlings
Condition of well established seedlings at 
one and two years after planting.
Site 6 (invaded)
YT7\ 18-month planting stock 
6-month planting stock
Condition 
after 1 year
Condition 
after 2 years
Site 7 (non-invaded)
Condition 
after 1 year
Condition 
after 2 years
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The animals responsible for the browsing were not 
identified but over the period in May 1977 when large amounts 
of browsing occurred a mob of wild pigs was frequently 
sighted in the area and could be partially responsible for 
the damage.
5.6.4 Discussion
This experiment, although only exploratory, demon­
strates that browsing of P. radiata is not restricted to 
young seedlings but is an important influence on seedlings 
at least up to years old, and would probably continue 
to be important for as long as the apical shoots can be 
reached by the animals.
The magnitude of browsing damage of well established 
seedlings on the non-invaded sites was so great that brow­
sing alone could account for the virtual absence of pine 
invasion on this site. Even when seedlings escape damage 
for a number of years they still face the danger of being 
killed and it appears that it would be a rare occurrence 
for a seedling on the non-invaded site to reach a height 
where it could escape browsing.
Although this experiment was only made on two sites 
it is likely that the trends observed in Section 5*5> which 
dealt with browsing of younger seedlings, would apply to 
browsing of older plants and that in general browsing of 
older seedlings is greater on non-invaded sites than invaded 
sites.
5.7 GENERAL DISCUSSION
The studies on the early stages of P. radiata 
establishment have highlighted a number of factors which 
have an important influence on the success of P. radiata 
regeneration in dry sclerophyll eucalypt forests.
203
The most critical period to the survival of a 
young pine seedling is its first summer. Drought stress 
can be severe at this time and because the root system of 
a young seedling is confined to a small volume of soil, 
desiccation and death are common, A seedling must be well 
established before the onset of summer in order to survive. 
Survival, therefore, is encouraged if germination and initial 
establishment can occur as soon as favourable conditions 
are experienced after summer. Reliable post-summer rains 
often do not occur in the A.C.T. until late April or in 
May when low temperatures are common. Low temperatures slow 
down initial seedling growth and, therefore, reduce the 
chances of survival. However, if a seedling is succesful 
in early establishment then it is in a favourable position 
to fully utilize the following spring to its best advantage 
and prepare itself for the summer stress period to follow.
Germination can occur in a wide range of micro­
sites on the eucalypt forest floor but seeds which are buried 
beneath layers of leaf litter are disadvantaged by slower 
germination and initial establishment. One reason for this 
is likely to be that during the day the temperature beneath 
the litter is lower than on the soil surface. During cold 
weather this would slow down the metabolic processes of 
buried seeds and there would be more rapid establishment 
of seed germinating on bare soil. A balancing factor, however, 
would be the greater vulnerability to drought stress of 
seedlings growing on bare soil because bare soil surfaces 
dry out more rapidly than those covered by leaf litter.
Initial survival is favoured on gravelly soils 
rather than on the finer soils of the study area because 
of the easier penetration of the radicle and better pene­
tration of light summer rains into the less compact gravelly 
medium. Heavy litter layers are a poor medium for initial 
survival because of the difficulty of both penetration 
of the radicle and emergence of the cotyledons through
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the litter. Light layers of litter are not a problem in this 
respect and can support a high initial survival. A light 
cover of grasses or herbs can be advantageous to seedling 
survival because it can offer partial protection from high 
soil surface temperatures during summer but will not obstruct 
penetration of the radicle into the soil or the emergence 
of the seedling, as do litter layers.
The resulting patterns of germination and initial 
survival are more rapid establishment on bare or gravelly 
soils but with a greater initial survival on areas covered 
with a light litter layer. However, the advantages of more 
rapid establishment outweigh those of greater initial sur­
vival because only well established seedlings can survive 
the first summer and, therefore, forests with a high per­
centage of bare soil are more suitable for pine regeneration.
Seedling survival is further restricted by damping 
off and snow damage. On sites where the surface soil is 
kept constantly damp over large parts of the year damping 
off can cause large numbers of seedling deaths and hence 
initial survival is hampered on extremely sheltered sites.
At altitudes above 900 m winter snowfalls are often recorded 
and physical damage caused by snow can kill young P. radiata 
seedlings. This is considered to be a major factor in 
limiting P. radiata invasion to below this altitude.
Browsing damage can be very severe amongst young 
pine seedlings in some forest types and can cause a large 
number of deaths. Although very young seedlings are parti­
cularly susceptible to browsing damage, herbivores can kill 
seedlings up to years old and can be a continual threat
to seedlings until they grow beyond the reach of herbivores. 
Browsing of pine seedlings was most severe in eucalypt 
forests which were not invaded by P. radiata and on some 
sites pine invasion may be excluded simply because of heavy 
browsing. In one experiment herbivores were found to browse
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P. radiata seedlings in preference to eucalypt seedlings 
on non-invaded sites but on invaded sites eucalypts were 
preferred to pines. This would have to be confirmed by 
further experiments but such a phenomenon would favour 
pine survival on invaded sites and eucalypt survival on 
non-invaded sites.
Seedling development can also be restricted by 
the smothering effect of eucalypt litter on small seedlings. 
Eucalypt litter can fall on seedlings or creep downhill 
and crush seedlings in its path. Sites with steep slopes 
and thick litter laters can have highly mobile litter layers 
and, therefore, are not very suitable for early seedling 
survival.
Experiments on the germination and initial sur­
vival of seedlings were all made under the protection of 
wire netting animal exclosures. The effects of smothering 
by litter are likely to be extremely damaging to these 
very young seedlings and early seedling survival on sites 
where smothering of seedlings was common would, therefore, 
be expected to be poor. The wire netting exclosures also 
protected the seeds and young seedlings from large rodents 
and other seed predators such as pigeons and the influence 
of these animals remains poorly understood.
Even vigorously growing young seedlings can suffer 
from the effects of summer drought and if a summer is 
particularly severe then a large proportion of seedlings 
can die. The influence of summer drought is, therefore, 
superimposed on the influences of other factors and the 
number of seedling survivors can vary from year to year 
depending on the severity of the summer period.
Growth and survival of protected seedlings was 
found to be best on sites resistant to pine invasion even 
though these sites supported a more vigorous eucalypt forest
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and more dense understorey than invaded sites. It is, 
therefore, deduced that competition for soil resources is 
not restricting seedling establishment on these sites.
Failure of pine seedlings to form successful mycorrhizal 
associations was also discounted as a cause of failure of 
natural regeneration because seedlings which were grown 
in a sterile medium were found to develop mycorrhizal infec­
tions after being planted on non-invaded sites.
It is concluded that the chances of any one viable 
seed producing a mature tree are low even in a favourable 
forest environment, so large amounts of seed need to fall 
on a site to ensure even low levels of pine regeneration. 
However, there is a finite chance of successful P. radiata 
establishment occurring on any of the study sites. The 
probability of successful establishment on those sites termed 
non-invaded is very low while on the invaded sites it is 
much higher. The interaction of favourable and unfavour­
able factors of the environment produces different invasion 
densities at different sites. The concept of there being 
a low probability of seedling establishment on non-invaded 
sites is supported by the presence of a small number of 
pines in many otherwise invasion-free forests.
Growth of older P. radiata regeneration in invaded 
eucalypt forests is rapid and it is in very good health. There 
is a strong contrast between the pine regeneration and the 
eucalypt overwood which is in a depauperate condition with 
many trees approaching senescence. There is little vigorous 
eucalypt regeneration to replace the decaying overwood and 
the pines may, in the absence of fire, eventually replace 
the eucalypts.
The reason why P. radiata is so successful in 
continuing to develop within the eucalypt forest when the 
eucalypt lignotuberous and other advance growth fail to 
do so is unclear. Therefore, studies on the nature of
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competition within the eucalypt forest were necessary.
The next sections of the thesis describe experiments aimed 
at explaining the success of P. radiata invasion in invaded 
eucalypt forests.
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EXPERIMENTAL WORK 
PART III
ASPECTS OF COMPETITION BETWEEN PINUS RADIATA 
AND THE EUCALYPTS
Experimental work presented so far has shown that 
patterns of invasion are related to the condition of the 
eucalypt forest, the activity of herbivorous animals and 
the suitability of the forest floor for germination and 
early establishment of P. radiata seedlings.
The final section of experimental work examines 
the reasons why P. radiata is so successful in developing 
within the invaded eucalypt forests. There is apparently 
a low level of competition exerted by the eucalypts on the 
developing pines and, therefore, it was considered neces­
sary to explore the basis of the competitive relations 
between pines and eucalypts.
There are a number of factors which may confer 
on P. radiata sufficient competitive advantage to be able 
to continue development within the eucalypt forest. The 
following four factors are discussed in Part III.
(1) It is possible that the main absorbing roots of 
P. radiata and the eucalypts occupy different 
segments of the soil profile, and are in this 
way complementary in their use of the soil resources. 
(For example, Grosskopf (1950) found that in a 
mixed oak-spruce forest, oak tended to occupy 
the lower horizons, and spruce the surface horizons 
of the soil.) The relative distributions of fine 
roots of P. radiata and the eucalypts are des­
cribed in Chapter 6.
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(2) If the pine and eucalypt feeder root systems are 
occupying much the same part of the profile, 
cohabitation might still be possible if there are 
differences between the species in their seasonal 
patterns of growth, that is, if the peak demand 
for water and nutrients occurs during different 
parts of the growing season. The patterns of 
growth of P. radiata and the eucalypts have been 
examined and the results are presented in Chap­
ter 7.
(3) Soil water is likely to be the main limiting fac­
tor to growth on the harsh invaded sites during 
the summer period, and it is possible that even 
if root distributions and patterns of growth of 
the pines and eucalypts were very similar, dif­
ferences in the patterns of demand for soil water 
could permit cohabitation. This concept prompted 
a comparative study of seasonal and diurnal vari­
ation in the water status of pines and eucalypts. 
This is presented in Chapter 8.
(4) Past localized disturbances have been found to 
influence the patterns of invasion (Chapter 4)*
It is possible there may be a mosaic in growing 
stock condition which reflects these past dis­
turbances, despite the fact that it is 30-80 
years since they occurred. The disturbances may 
have affected the vigour of the growing stock and 
hence caused variation in its capacity to exert 
strong competitive pressure on P. radiata regenera­
tion.
It also seemed possible that the eucalypts 
may be exerting a strong competitive influence 
on the eucalypt regrowth but are not capable of 
exerting the same influence on the pines.
The role of both of these factors is 
examined in relation to successful invasion, 
in Chapter 9*
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CHAPTER 6
ROOT DISTRIBUTION PATTERNS IN 
PINUS RADIATA AND EUCALYPT FORESTS
6.1 INTRODUCTION
The root systems of plants are of immense impor­
tance in determining competitive relationships between 
different species. Plants must be able to efficiently 
exploit the soil horizons for nutrients and water in the 
face of competition from other plants. They must also 
have access to sufficient volumes of soil to permit growth 
of the root system to meet the increasing demand for nut­
rients and water as the plant increases its above-ground 
biomass. However, despite the obvious importance of plant 
root systems to studies on plant competition, very little 
information exists on the reaction of roots to inter- and 
intra- specific competition and most studies have centred 
on the relation between mature trees and seedlings (e.g. 
Kalela 1954 and Stiell 1970; cited by Hermann 1977).
Root development is influenced by a host of soil 
factors including moisture, temperature, oxygen supply, 
fertility, mechanical impedance, soil organisms and com­
petition from other plants (Sutton 1969). Different plant 
species will react differently to these influences leading 
to different patterns of root growth.
Clearly plant species will avoid root competition 
to a large extent if their root systems occupy distinctly 
different parts of the soil horizon. It is in this context 
that tlie root systems of P. radiata and the cucalypts have 
been investigated.
P. radiata develops a strong, dense root system 
which characteristically occupies the surface horizons
(Lindsay 1932, Bowen 1964). In its native habitat it rarely 
penetrates below 60 cm even on good soils, although in some 
areas it develops a taproot (Lindsay 1932). In contrast, 
a large number of eucalypts are known for their strong tap­
root development (Jacobs 1953)? particularly in species 
which occupy dry sites (Zimmer and Grose 1958, Awe et al. 
1976, Shea et al. 1979) or sites subjected to seasonal 
droughts (e.g. E. maxginata, Doley 1967). The deep-rooting 
habit of eucalypt species growing on dry sites is considered 
to be a mechanism for extracting water stored at depth 
within the soil profile (Zimmer and Grose 1958, Doley 1967? 
Shea et al. 1979)* However, deep eucalypt root systems 
are not necessarily confined to species occupying dry 
sites, as species such as E. re^nans, from the high rain­
fall areas of Victoria, also possess this characteristic 
(Ashton 1975b).
On the basis of the above information it would 
seem logical to expect that P. radiata could be exploiting 
the surface soil horizons more efficiently than the euca­
lypts, and hence may not be competing strongly with the 
eucalypt in those horizons. To investigate this possibility 
a number of trenches were dug in various forests in the 
study area, and the distribution of the root systems of 
P. radiata and eucalypt species were documented through 
the soil profile.
6.2 METHODS
Trenches were dug at 13 subjectively selected 
sites (Fig. 6.1). Three were in pine forests and 10 in 
eucalypt forests. Of the 10 eucalypt sites, four were 
heavily-invaded (sites 1, 5s 8 and 10), two lightly-invaded 
(sites 4 and 9)? and four non-invaded (sites 3? 6, 12 and 
13). The three pine sites (2, 7 and 11) were in plantations 
20, 22 and 25 years old respectively. The location of the 
trench faces in relation to the surrounding trees (all trees 
within 5 m) are shown in Figs 6.2 and 6.3«
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FIG. 6.1 Locations of the 13 trenching sites.
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FIG. 6.2 Location of trench faces (solid lines) in relation
to surrounding trees at sites 1 to 8. (P = P. radiata, 
E^= E. rossii, ^ m C = E. macrorhyncha, E^= E. dives,
Eb= E. bridgesiana)
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FIG. 6*3 Location of trench faces (solid lines) in relation
to surrounding trees at sites 9 to 13« (P=P. radiata,
E =E. rossii, E =E. macrorhyncha, EH=E. dives,2° m C Q.
^mn~— * mann^fera, E^=E. bridgesiana)
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The study areas are characterized by very rocky 
soils and the immediate location of the trenches was dic­
tated to some degree by the availability of sites where 
manual digging was practicable.
Trenches varying between 2.6 m and 1.0 m in length 
were excavated to the depth of the underlying C horizon. 
Further excavation into the compacted C horizon demonstrated 
that very few roots were to be found below this depth.
The first trench was the largest at 2.6 m in length but 
because of the large amount of time required for the excava­
tion and subsequent data recording, the trench size had 
to be reduced to 1.0 m in length so that a range of sites 
could be examined.
After each trench had been excavated, one of its 
faces was smoothed with a spade and a 10 cm x 10 cm grid 
was marked onto the face. The position of all tree roots 
which intersected the face were then mapped by diameter 
classes (0-0.5 cm, 0.5-1*0 cm, 1.0-2.0 cm and greater than 
2.0 cm). On the invaded sites, pine roots were distinguished 
from eucalypt roots where possible. It was, however, dif­
ficult to distinguish between pine and eucalypt roots which 
were smaller than 0.1 cm in diameter.
6.3 RESULTS
The root distribution maps for the 13 sites, 
together with descriptions of the soil profiles, are shown 
in Figs 6.4 to 6.8. In all cases (both eucalypt and pine 
forest) the root systems are largely confined to the A 
and B horizons with very few roots being located in the 
C horizon. The root distribution diagrams show a greater 
density of fine roots (i.e. smaller than 0.5 cm diameter) 
in the pine forests than in the eucalypt forests. Alter­
natively, there are fewer roots greater than 0.5 cm diameter 
in the pine forests. The larger roots are mainly in the top
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S i t e  5
S i t e  8
•o
F r i a b l e  l i g h t  b r o w n i s h - g r a y  
loam; many s t o n e s ;  d i f f u s e  
bo u n d a ry  to
h a r d  p a l e  y e l l o w - g r a y  loam; 
many s t o n e s  and r o c k s ;  
d i f f u s e  boundary  to
h e a v i l y  w e a th e re d  t u f f  and 
d a c i t e .
Loose g ra y  san d y - lo am ;  l a r g e  
g r a v e l  f r a c t i o n ;  d i f f u s e  
b o unda ry  to
f r i a b l e  p a l e - y e l l o w  loam; 
l a r g e  g r a v e l  f r a c t i o n ;  
d i f f u s e  boundary  to
compact h e a v i l y  w e a th e re d  
t u f f .
S i t e  10
— ^  {Si1
• . •
cm______
0 ~ ~  '  40
Compact v e ry  p a le - b r o w n  sa n d y -  
loam; l a r g e  g r a v e l  f r a c t i o n ;  
d i f f u s e  boundary  to  
h a r d  l i g h t  y e l l o w i s h - b r o w n  
sandy loam; many t u f f  and 
d a c i t e  r o c k s ;  d i f f u s e  boundary  
to
h e a v i l y  w e a th e re d  d a c i t e  and 
t u f f .
Root Diam. (cm)pine euc
< 0 . 5o . 0.5-1 .00 • 1.0-2.0
• 2.0-4.0
• >4.0
FIG. 6.5 Root d i s t r i b u t i o n s  and s o i l  p r o f i l e s  on h e a v i l y -  
in v a d e d  s i t e s  5 38 and 10«,
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S i t e  4
F r i a b l e  d a r k - g r a y  c l a y -  
loam; l a r g e  s h a l e  and 
s l a t e  g r a v e l  f r a c t i o n ;  
d i f f u s e  boundary  to
f i rm  r e d  s i l t y  c l a y -  
loam w i th  many sm a l l  
s t o n e s ;  s h a r p  boundary  
to
h e a v i l y  w e a th e re d  b roken  
s h a l e  and s l a t e .
Compact brown c la y - lo a m ;  
b roken  s h a l e  com ponen t ; d i f f u s e  
bo u n d a ry  to
compact r e d  s a n d y - c l a y ;  l a r g e  
component o f  b roken  s h a l e ;  
d i f f u s e  boundary  to
h e a v i l y  w e a th e re d  s h a l e .
< 0-5
• 0 -5 -1 0
•  1-0 -2  0
•  2 0 - 4 0
•  > 4-0
Root Diameter (cm)
FIG. 6 .6  Root d i s t r i b u t i o n s  and s o i l  p r o f i l e s  on l i g h t l y -  
in v a d e d  s i t e s  4 and 9.
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S i t e  3
P v * ’ • • •
o F r i a b l e  d a rk  brown 
sandy c l a y - lo a m ;  some 
r o c k s  and g r a v e l ;
20 d i f f u s e  boundary  to
C/io
~ f i rm  brown c la y - lo a m  
a w i th  a l a r g e  compon- 
?• e n t  o f  b ro k en  d a c i t e ;  
3 d i f f u s e  boundary  to
O ^ - 60 h e a v i l y  w e a th e re d
d a c i t e .
S i t e  6
• ••
• •
F r i a b l e  brown sandy- loam ;  
some r o c k s ;  d i f f u s e  boundary  
to  g ra y i s h -b r o w n  loam; d i f f u s e  
boundary  to
f i rm  r e d d i s h - y e l l o w  c la y - lo a m  
w i th  some r o c k s ; d i f f u s e  boun­
d a ry  to
h e a v i l y  w e a th e re d  s h a l e .
S i t e  12
S i t e  13
RootDiam. (cm)
•  0 -5 - 1 0
•  1 0 - 2 0
•  2 0 - 4 0
F r i a b l e  w eak - re d  f i n e  san d y -  
loam; s h a l e  f r a g m e n t s ;  d i f f u s e  
boundary  to
f i rm  r e d  c l a y - lo a m ;  d i f f u s e  
boundary  to
h e a v i l y  w e a th e re d  s h a l e .
F r i a b l e  r e d d i s h - b r o w n  f i n e  
sa n d y - lo am ;  d i f f u s e  boundary  
to
h a r d  r e d  c l a y - lo a m ;  d i f f u s e  
boundary  to
h e a v i l y  w e a th e re d  s h a l e .
FIG. 6 . 7  Root  d i s t r i b u t i o n s  and s o i l  p r o f i l e s  o f  n o n - in v a d e d  
s i t e s  3? 6 ,  12 and 13*
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S i t e 2
20 tn
O
O  m 
40  ^  
H
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6 0 —
F r i a b l e  d a r k - g r a y  
sa n d y - lo am ;  d i f f u s e  
boundary  to  
g ray  sandy  c l a y - lo a m ;  
d i f f u s e  boundary  to
b l e a c h e d  s t i c k y  l i g h t  
g ra y  c l a y - lo a m ;  
d i f f u s e  boundary  to
p a l e - y e l l o w  m o t t l e d  
w i th  r e d d i s h - y e l l o w  
h a rd  c l a y  loam.
S i t e  7
F r i a b l e  da rk -brow n sandy- loam ;  
d i f f u s e  boundary  to
f i rm  y e l l o w  s a n d y - c l a y ; d i f f u s e  
boundary  to
h e a v i l y  w e a th e re d  d a c i t e .
6 ' ~40
Root Diam. (cm)
• < 0 . 5
• 0 . 5 - 1 . 0  
• 1 . 0 - 2 . 0
• 2 . 0 - 4 . 0
•  > 4 . 0
Firm r e d d i s h - b r o w n  c la y - lo a m ;  
d i f f u s e  boundary  to
compact r e d  c l a y - lo a m ;  ve ry  
ro c k y  ( s h a l e ) ;  d i f f u s e  bound­
a r y  to
h e a v i l y  w e a th e re d  s h a l e .
FIG. 6 .8  Root d i s t r i b u t i o n s  and s o i l  p r o f i l e s  on t h e  p in e  
s i t e s  2 ,7  and 11.
221
20 cm of soil in the pine forests, whereas in the eucalypt 
forests the larger roots are generally found deeper in the 
soil at a depth of 10-30 cm.
Figs 6.9 and 6,10 show the densities of roots 
less than 0.3 cm diameter at different soil depths for 
each site (excluding pine roots on the invaded sites).
There is a similar distribution of roots on all sites with 
the majority of roots being found in the top 10-20 cm of 
soil (A horizon). However, there is a contrast in root 
densities between the pine and eucalypt forests. With 
one exception (site 6), the pine root densities were much 
greater than the eucalypt root densities. A much less 
distinct trend exists within the different types of euca­
lypt forest. High root densities tend to be associated with 
non-invaded sites and low root densities with heavily- 
invaded sites.
While it seems apparent that root intensities in 
the pine forests are greater than those in the eucalypt 
forests, more data are required before any firm conclusions 
can be reached about the relationship between eucalypt 
root intensity and degree of pine invasion. However, to 
aid interpretation of the existing data, the root densities 
for the three groups of eucalypt sites and the pine sites 
have been averaged and presented in Fig. 6.11(a), together 
with the root densities expressed as a percentage of the 
total number of roots for each group in Fig. 6.11(b).
Because the sample sizes are very small, no statistical 
comparisons have been made. The averaged data (Fig. 6.11(a)) 
demonstrates that root densities are greatest in the pine 
forests followed by the non-invaded sites, the lightly- 
invaded sites and the heavily-invaded sites in that order. 
Despite the differences in root densities, the distribution 
of roots for the four forest types (Fig. 6.11(b)) is very 
similar with only a slightly greater proportion of pine 
roots in the top 10 cm of soil, indicating that the pines
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F IG . 6 .9  F in e  r o o t  (< 0 .5  cm d iam .)
h e a v i l y - i n v a d e d  s i t e s  ( 1 , 
i n v a d e d  s i t e s  (Zf and 9)*
d e n s i t i e s  f o r  the
5j 8 and 10) and l i g h t l y -
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FIG. 6 .1 0  F ine  r o o t  (< 0 .5  cm d i a m . ) d e n s i t i e s  f o r  th e  non-  
i n v a d e d  s i t e s  (3? 6, 12 and 13) and p in e  s i t e s
(2 ,  7 and 11) .
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(a)
ROOTS /  m2
-♦  Pine
•  Non-invaded 
Hi Lightly-invaded 
•A H eavily-invaded
PERCENTAGE OF TOTAL ROOTS
—♦  Pine
N on-invaded
— ■ L ig h tly  - invaded
-  A H eavily-invaded
FIG. 6.11 (a)  Average d e n s i t y  o f  r o o t s  l e s s  t h a n  0 . 5  cm
d i a m e t e r  f o r  t h e  f o u r  f o r e s t  t y p e s .
(b)  D i s t r i b u t i o n  o f  r o o t s  l e s s  t h a n  0 . 5  cm
d i a m e t e r  ( e x p r e s s e d  a s  a p e r c e n t a g e  o f  th e  
t o t a l  number o f  r o o t s )  f o r  th e  f o u r  f o r e s t  
t y p e s .
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utilize virtually the same soil horizons as the eucalypts 
at the 13 trenching sites.
The distribution of roots greater than 0.5 cm 
diameter in the pine forests is considerably different 
from that of the eucalypts. The average root densities 
for the four forest types are shown in Fig. 6.12(a) and 
the distribution of roots (expressed as a percentage of 
the total number of roots) in Fig. 6.12(b).
There are 2-3 times as many large roots (i.e. 
greater than 0.5 cm diameter) in the eucalypt forests than 
in the pine forests. Moreover, the large pine roots are 
almost exclusively confined to the top 20 cm of soil whereas 
the eucalypt roots extend deeper, with most being found 
at a depth of 10-20 cm but with a considerable number exten­
ding to depths of up to 50 cm.
The ratio of fine roots:large roots could be a 
useful way of characterizing the type of root system invol­
ved. Larger roots may be required for extension of the 
root system away from the tree and for support for the 
tree. Therefore, a low fine’.large root ratio could indicate 
that the root system is more extensive, with a high pro­
portion of the root system devoted to exploration of the 
soil at large distances from the tree. In contrast, a high 
ratio could indicate a more intensive root system, with 
the majority of the roots devoted to exploiting the soil 
profile close to the tree and with very few roots extending 
large distances from the tree.
The average fine:large root ratios for the pine 
forests, non-invaded forests, lightly-invaded forests and 
heavily-invaded forests are 95.4? 31«3? 21.9 and 14.2 
respectively. In these terms, the root systems of the pine 
forests are clearly distinguished from all three groups 
of eucalypt forests. The low ratios of the eucalypt forests
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(a)
ROOTS /  m2
-♦  Pine
+  Non-invaded 
• ■ Lightly - invaded 
-A  Heavily - invaded
< >  A' *
(b)
PERCENTAGE OP TOTAL ROOTS
Non-invaded 
—■ Lightly - invaded 
—A Heavily-invaded
FIG. 6 .1 2  (a)  Average d e n s i t y  o f  r o o t s  more t h a n  0 , 5  cm
d i a m e t e r  f o r  t h e  f o u r  f o r e s t  t y p e s .
(b)  D i s t r i b u t i o n  o f  r o o t s  more t h a n  0 . 5  cm
d i a m e t e r  ( e x p r e s s e d  a s  a p e r c e n t a g e  o f  th e  
t o t a l  number o f  r o o t s )  f o r  th e  f o u r  f o r e s t  
t y p e s .
227
together with their comparatively low fine root densities 
(Fig. 6.11(a)) suggests the eucalypt root system is exten­
sive with each tree occupying a large volume of soil (with 
roots extending horizontally for large distances) at a low 
root density. This contrasts with the pines which have 
a high fine:large root ratio and a high density of fine 
roots suggesting a more intensive root system, with each 
tree occupying a relatively small volume of soil at a 
higher fine root density. It should be emphasized at this 
point, that the vertical distribution of the pine and euca­
lypt roots was found to be very similar, and only a very 
small number of eucalypt roots were found to have penet­
rated the C horizon. The eucalypt root systems must, there­
fore, be more extensive in the horizontal direction to 
account for their low fine:large root ratios.
Of the three eucalypt forest types, the heavily- 
invaded forests had the lowest fine:large root ratio and 
the non-invaded forests the highest. This suggests the 
eucalypts in the non-invaded forests have relatively more 
intensive root systems than those on the heavily-invaded 
forests. The lightly-invaded forests contain eucalypts 
with an intermediate type of root system. The heavily- 
invaded sites are more exposed than the non-invaded sites 
and would be subjected to greater levels of drought stress 
during summer. Therefore, the more extensive root systems 
on the invaded sites could be an adaptation to the drier 
conditions on these sites. However, it is again emphasized 
that the data for the individual eucalypt forest sites 
are variable and any conclusions relating the character 
of the eucalypt root systems to degree of invasion must 
be treated cautiously at this stage.
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6.Zf DISCUSSION
Results from this study indicate that P. radiata 
has a vertical distribution of fine roots which is very 
similar to that of the eucalypt forest. This does not con­
form with the concept that pines have a shallower root 
system than the eucalypts. However, it is well known that 
the soil environment can modify the rooting pattern of trees 
(Sutton 1969? Kozlowski 1971? Hermann 1977) and lead to 
considerable intraspecific variation in rooting behaviour.
In discussing root depth Sutton (1969) comments "since 
intraspecific variation is so great, interspecific compari­
sons are equivocal, and generalizations about species’ 
rooting depth are dangerously misleading..." (p. 12).
The soils in the study areas are very shallow with a highly 
compact C horizon. Roots were rarely observed in the C 
horizon and it is possible the soil environment may have 
modified the rooting behaviour of the pines and eucalypts 
and forced them to occupy similar soil zones.
The similar vertical root distributions of the 
pines and eucalypts indicates that competition for nut­
rients and water could be severe, and the concept that the 
pines may avoid strong competition with the eucalypts by 
occupying different soil zones appears to be refuted by 
this study. It is possible that some roots may penetrate 
the C horizon and tap stored water from below, but because 
few such roots were observed in the study area it is con­
cluded that they would probably play a relatively minor role 
in the absorbing capacity of the roots.
The main difference between the root distributions 
of the pines and eucalypts was found to lie in the distribution 
of the larger roots. The pine root system has only a few large 
roots and these lie near the surface in the top 20 cm of 
soil, whereas the eucalypts possess a much greater number 
of large roots and these are concentrated at 10-30 cm 
below the soil surface. These roots probably have little
*It is realized that the chances of striking sinker or 
tap roots in a trench are small and, therefore, the 
trenching study cannot be conclusive insofar as vertical 
root distributions.
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absorbing capacity and may be primarily used for support 
and horizontal extension of the root system.
The root densities in the pine forests were much 
greater than those in the eucalypt forests. Moreover, it 
is possible pine invasion may increase with decreasing 
densities of eucalypt fine roots. Apparently P. radiata 
can tolerate the greater root competition which may be 
induced by a high density of fine roots. When introduced 
into the eucalypt forest, with comparatively low root den­
sities, P. radiata may have little difficulty in success­
fully establishing and continuing to develop within the 
stand. In the non-invaded forests, root densities are higher 
and levels of root competition could make it more difficult 
for pine invasion to occur, although transplant studies 
(Chapter 9) suggest that this is not necessarily so, at 
least in the first two years after establishment.
The higher fine:large root ratio of P. radiata 
compared to the eucalypts, indicates that the eucalypts 
have a more extensive root system than the pines. The need 
for the eucalypts to occupy a large volume of soil could 
be related to their apparent intolerance of root competi­
tion, as each tree would need to spread its root system 
over a large area and, therefore, would strongly compete 
even with its distant neighbours. In contrast, P. radiata 
with its intensive root system, may need less soil in 
which to develop and could, therefore, be influenced only 
by trees in its immediate vicinity. The differences in the 
nature of the pine and eucalypt root systems might be 
reflected in the differences in stocking and structure 
of respective stands on these poor sites. The concept that 
the eucalypts have a far-reaching root system is supported 
by a study by Chilvers (1972) on the horizontal root dis­
tributions of E. fastigata and E. dalrympleana. He con­
cluded that roots of the two species are strongly inter­
mingled in the soil and "that mere proximity to a particular 
trunk is no guide to the identity of a given root sample".
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The conclusions reached in this study are based 
on a relatively small number of root trenches, and although 
the observed differences between the pine and eucalypt 
forests are reasonably consistent, a more substantial study 
of the distribution of roots would be needed to draw firm 
conclusions on the relationship between the eucalypt root 
system and pine invasion. However, because of the large 
amount of time required for studies of this nature it was 
not possible to extend this study and conclusions must 
remain tentative.
Because the pines intensively use a relatively 
small volume of soil on these sites, they would have a 
limited access to soil moisture during summer after the 
moisture in the immediate vicinity of the tree was exhausted. 
This would suggest that the pines must either have a shorter 
growing season than the eucalypts, or that they must be 
highly efficient in regulating water loss. Conversely, 
because the eucalypts have a low density of fine roots 
and occupy a large volume of soil, they could take longer 
to exhaust their soil moisture reserves and, therefore, 
could maintain growth later into the summer than the pines.
Clearly the next steps in examining the competi­
tive relations between pines and eucalypts could be
(1) to examine the timing and duration of growth of
the pines and eucalypts, and
(2) to examine their patterns of water use.
These two major areas of study are discussed in 
the following two chapters.
j
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CHAPTER 7
SEASONAL GROWTH PATTERNS OF PINUS RADIATA 
AND THE EUCALYPTS
7.1 INTRODUCTION
Because the fine roots of P. radiata and the 
eucalypts in the study area have been shown to occupy 
the same parts of the soil profile it is very likely that 
these species compete for soil resources. The degree to 
which they compete will depend largely upon their abilities 
to utilize different parts of the resource and the degree 
to which their most active periods of growth overlap.
The seasonal growth patterns of P. radiata are 
well documented and the species is noted for its seasonal 
pattern of growth in the A.C.T. (Fielding 1955? 1966,
Cremer 1973b)? its ability to commence growth at relatively 
low temperatures compared with many other conifers (Lind­
say 1932, Scott 1960) and its ability to continue growth 
of the leading shoot throughout the year if weather conditions 
are favourable (Cremer 1973b). In contrast, little is 
known about the seasonal patterns of growth of the eucalypt 
species in the dry sclerophyll forests of the Canberra 
region. Studies on other eucalypt species in eastern 
Australia suggest that eucalypt growth rates are largely 
determined by water availability and temperature, with 
low temperatures restricting growth in winter and low 
soil moisture limiting summer growth (Hopkins 1968, Green 
1969? Ashton 1975a? Cremer 1975? Specht and Brouwer 1975).
The available evidence suggests that eucalypts are capable 
of continual growth given suitable moisture and temperature 
regimes.
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It is possible that the peak periods of growth 
of P. radiata and the eucalypts in the study area occur 
over different parts of the growing season and in this 
way competition for resources may be reduced. This pos­
sibility was investigated by making detailed studies on 
the seasonal patterns of growth of the pines and euca­
lypts over a one-year period.
Tree growth involves many simultaneous biochemical 
processes which vary both with time and prevailing environ­
mental conditions. Because of the complexity of the environ­
mental and physiological interactions, maximum growth of 
different parts of the tree does not occur simultaneously 
(Kramer and Kozlowski 1960)• In this study shoot growth 
and cambial growth were measured. These parameters provide 
a good indication of when tree growth commences in spring 
but may not correctly indicate the cessation of growth at 
the end of the growing season because some tree species 
continue significant root growth after cambial and shoot 
activity ceases (Kramer and Kozlowski 1960).
7.2 METHODS
Shoot elongation of pine and eucalypt seedlings, 
and cambial growth of pine and eucalypt pole-size trees 
were measured on an invaded and a non-invaded site at 
approximately two-week intervals between April 1978 and 
April 1979* The dominant eucalypts on the invaded site 
are E. macrorhyncha and E. rossii, and on the non-invaded 
site E. macrorhyncha and E. robertsonii with some E. 
goniocalyx. The two sites are described in Section 5«1 
under site 6 (invaded) and site 7 (non-invaded). Seed­
lings and trees used in this experiment were located on 
four 100 m x 30 m areas, with two on the invaded site 
(300 m apart), and two on the non-invaded site (500 m 
apart). Aspect, slope and floristics were closely matched 
on the two invaded and two non-invaded areas respectively.
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Shoot Growth
Shoot elongation was measured on 48 eucalypt and 
48 pine seedlings. Half the seedlings were on the invaded 
site and half on the non-invaded site. With the exception 
of pine seedlings on the non-invaded site, natural regenera­
tion ranging from 20-50 cm in height was used. Planted 
pine seedlings from an earlier experiment (protected seed­
lings from Experiment 2, Section 5*5*3) were used for 
measuring pine growth on the non-invaded site. These 
seedlings were previously protected from animals by wire 
exclosures and averaged 18 cm in height at the commencement 
of measurements.
Only healthy seedlings showing potential for 
vigorous growth were chosen. The majority of the natural 
eucalypt regeneration was in very poor condition and it 
was very difficult to locate enough vigorous seedlings 
for the study. It was, therefore, necessary to choose any 
healthy eucalypt seedling available, irrespective of species.
Animal exclosures were erected around half of 
the eucalypts and pines on both sites, the other half 
remaining unprotected. Shoot growth and length of shoots 
eaten by insectivorous or mammalian herbivores were mea­
sured to the nearest 1 mm from convenient leaf axils and 
stem junctions, or in the case of the planted pine seed­
lings from the ground. Growth of every shoot on each plant 
was recorded. Two of the protected eucalypt seedlings on 
the invaded site suffered very heavily from insect damage 
and were subsequently withdrawn from the experiment in 
September 1978. These were later incorporated into an 
exploratory study on the influence of root trenching on 
the growth of eucalypt seedlings (Chapter 9)*
The species of eucalypts used in this study were 
E. macrorhyncha and E. rossii on the invaded site, and 
E. macrorhyncha. E. robertsonii and E. goniocalyx on the
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non-invaded site. Table 7.1 summarizes the number of 
protected and unprotected eucalypt seedlings of each species 
studied on both invaded and non-invaded sites.
Average shoot elongation rates for each two- 
week period for P. radiata and each species of eucalypt 
were calculated for protected and unprotected seedlings 
on the invaded and non-invaded sites.
TABLE 7.1 Number of seedlings of each eucalypt species 
used for measurements of shoot elongation.
Species
Invaded Site Non-invaded Site
Protected Unprotected Protected Unprotected
E. rossii 4a 5 — —
E. macrorhyncha 8b 7 5 5
E. robertsonii - 4 3
E. goniocalyx - - 3 2
areduced to 3 in September 1978 
^reduced to 7 in September 1978
Cambial Growth
Dendrometer bands were used to measure the patterns 
of cambial growth at breast height of 30 eucalypts and 
15 pines. In early May 1978 dendrometer bands were applied 
to three E. macrorhyncha, two E. rossii and five P. radiata 
stems on the invaded site and five E. robertsonii stems 
on the non-invaded site. The number of bands was increased 
to 4, 11, 15 and 15 respectively in early September 1978. 
Average diameters at breast height of the E. macrorhyncha,
E. rossii, P. radiata and E. robertsonii boles at the 
commencement of measurements were 28.7? 14-9? 7.9 and
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20.7 cm respectively. Trees were subjectively chosen and 
only the most vigorously growing eucalypts were used.
Because of the scarcity of vigorously growing eucalypts 
it was not possible to maintain a uniform tree size for 
each species sampled. It was particularly difficult to 
find vigorously growing specimens of E. macrorhyncha and 
this is reflected in the low sample size for this species 
on the invaded site and the absence of records for E. 
macrorhyncha on the non-invaded site.
A dendrometer band similar to that described by 
Liming (1957) was used. However, instead of using a vernier 
scale marked on the band, small tabs were made at oppo­
site ends of the band and girth increment (accompanied by 
an increase in the distance between the tabs) was measured 
with a pair of vernier callipers. In addition, stainless 
steel MDymo" tape, 12.75 mm wide x 0.15 mm thick, was 
substituted for Liming’s (1975) aluminium girth band. 
Stainless steel has a lower coefficient of thermal expan­
sion than aluminium (Bormann and Kozlowski 1962) and is more 
suitable for use in areas where there is a wide seasonal 
variation in temperature. The dendrometer was capable of 
resolving a girth increment of 0.02 mm which represents 
a radial increment of 0.0032 mm.
The band dendrometer was used in preference to 
the dial gauge dendrometer (which measures radial increment 
at a single point on the stem) for a number of reasons.
The band dendrometer is theoretically six times more 
sensitive to radial growth than the dial gauge dendrometer, 
it records an average value for diameter growth around 
the entire circumference instead of growth at a single 
point, can be applied to stems regardless of orientation 
without inflicting injury on living tissues (as does the 
dial gauge dendrometer) and is very cheap to construct 
(Pook et al. 1977? Woodman 1977).
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Before bands were applied to P. radiata, E. 
macrorhyncha and E. robertsonii, the bark was smoothed 
with a rasp to provide a better surface for applying the 
band. E. rossii is a gum-barked eucalypt and it was not 
appropriate to smooth out irregularities in the bark of 
this species as damage to the bark would have been inevi­
table. A few weeks after applying the bands to the E. 
rossii boles a bark swelling occurred beneath some of the 
bands. These bands were moved to an alternative position 
on the stem and increments recorded for those individuals 
were discarded for the period over which the swelling 
occurred. The swelling may have been due to slight damage 
to the bark while applying the band.
E. rossii sheds its outer layer of bark annually, 
and when this occurred the dendrometer bands were tempor­
arily removed to allow the bark to fall off.
The fortnightly increments for each species on 
the invaded and non-invaded site were averaged and con­
verted to a daily increment figure.
Although it is desirable in studies using band 
dendrometers to make girth measurements early in the mor­
ning in order to avoid the confounding effect of daily 
expansion and contraction of the boles, this was not 
possible in this study because of the large amount of time 
required to record all the data.
7.3 RESULTS
Shoot Growth
Average growth rates and defoliation rates were 
calculated for each species and expressed as a percentage 
of the maximum growth rate recorded. Preliminary presen­
tation of data for the invaded (Fig. 7.1) and non-invaded
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A-----------A  E. m a c r o r h y n c h a
□--------- □ E. rossii
O---------O P. radiata
D -  -  -
AI M O I
FIG. 7.1 Growth r a t e s  and d e f o l i a t i o n  r a t e s  ( e x p r e s s e d  a s  a
p e r c e n t a g e  o f  th e  maximum growth  r a t e )  o f  P. r a d i a t a , 
E. m a c ro rh y n c h a , and E. r o s s i i  s e e d l i n g s  on th e  
in v a d e d  s i t e ;  ( a )  p r o t e c t e d  s e e d l i n g s  (b)  un­
p r o t e c t e d  s e e d l i n g s .
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FIG. 7 . 2  Growth r a t e s  and d e f o l i a t i o n  r a t e s  ( e x p r e s s e d  a s  a 
p e r c e n t a g e  o f  t h e  maximum growth  r a t e )  o f  P. 
r a d i a t a , E. m a c r o r h y n c h a , E. r o b e r t s o n i i  and E. 
b r i d g e s i a n a  s e e d l i n g s  on th e  n o n - in v a d e d  s i t e ;
(a )  p r o t e c t e d  s e e d l i n g s  (b) u n p r o t e c t e d  s e e d l i n g s .
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(Fig. 7.2) sites showed distinct differences in shoot 
elongation patterns for protected and unprotected seed­
lings on the two sites. For example, on the invaded site 
(Fig. 7.1) protected E. rossii seedlings commenced rapid 
growth in October, whereas the unprotected seedlings did 
not commence rapid growth until mid-November. Similarly, 
on the non-invaded site (Fig. 7.2) peak growth of protected 
E. macrorhyncha and E. robertsonii seedlings occurred 
in early January, whereas the peak growth of unprotected 
seedlings occurred much earlier in mid-November. However, 
the differences in growth patterns between protected and 
unprotected seedlings are not considered to be due to the 
treatment (i.e. protection from mammalian herbivores) 
but are attributed to the erratic shoot extension of indi­
vidual seedlings over the growing season. With the exception 
of a peak in defoliation of E. macrorhyncha on both sites 
in April 1978 and a massive defoliation of P. radiata 
on the non-invaded site, all major defoliation was a result 
of insect damage which could not be effectively controlled 
in a field study of this nature without affecting growth 
in other ways. The damage to the E. macrorhyncha seedlings 
in April 1978 does not appear to have influenced growth 
rates of this species during the following spring and it 
was, therefore, decided to pool the data for protected 
and unprotected seedlings for each species other than 
P. radiata on the non-invaded site. In this way the sample 
sizes for the different species were increased and the large 
fluctuations in average growth rates could be reduced, 
thus assisting in the interpretation of the data.
Invaded Site
Growth rates and defoliation rates calculated 
from the pooled data for seedlings on the invaded site 
are presented in Fig. 7«3* Spring growth commenced in early 
September for P. radiata, mid-September for E. macrorhyncha 
and late September for E. rossii. For P. radiata, peak 
growth occurred over October and November and growth
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A----------& E. macrorhyncha
□ ----------□  E. rossii
O--------- O P. radigta
Al M J I F
FIG. 7.3 Growth rates and defoliation rates (expressed as a 
percentage of the maximum growth rate) for the 
pooled protected and unprotected P. radiata,
E. macrorhyncha, and E. rossii seedlings on the 
invaded site.
FIG. 7.4 Weekly rainfall recorded at the study site and
mean monthly maximum and minimum air temperatures 
recorded at the Blue Range meteorological station 
2.3 Em away (same altitude as the experimental site)
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steadily declined during December to moderate rates during 
the dry months of January and February, but increased 
again in March following good autumn rains, E. rossii 
followed a very similar pattern during October and November 
but demonstrated a rapid drop in growth rate during Decem­
ber with only a small peak in growth after the rain in 
March. In contrast, E. macrorhyncha had a lengthy period 
of rapid growth extending from October to late December 
but with a drop in the growth rate to below that of P. 
radiata during the dry January-February period and with 
moderate rates of growth resuming in March and April.
Defoliation rates were generally low except for 
the peak in defoliation for E. macrorhyncha seedlings in 
April 1978 caused by mammalian herbivores. Most insect 
defoliation was confined to the November-February period. 
However, the data are a little misleading in terms of the 
extent of insect damage to the eucalypt seedlings because 
insect damage normally involves destruction of the growing 
tip rather than a catastrophic defoliation. This had the 
effect of preventing rapid shoot extension in a large 
number of seedlings for a large part of the year without 
it being recorded as significant defoliation.
Growth rates can be shown to be closely linked 
with climatic data. Fig. 7.4 shows the weekly rainfall 
recorded at the site together with mean monthly maximum 
and minimum air temperatures recorded at the Blue Range 
meteorological station 2.5 km away (same altitude as the 
study site). Commencement and cessation of shoot growth 
at the beginning and end of the growing season corresponds 
with a mean minimum temperature of 3*5-5*5°C and an average 
daily temperature of 8-11.5°C. P. radiata commences shoot 
growth at slightly lower temperatures than the eucalypts. 
Within the growing season shoot growth appears to be closely 
related to rainfall. Soil moisture was high at the beginning 
of the growing season and shoot growth rates built up to
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a peak in late October but decreased in early November,
Good rains at that time appear to have caused an increase 
in growth rates in mid-November followed by another drop 
in growth rates in early December, At this stage growth 
rates in P. radiata and E. rossii declined but E. macror- 
hyncha seedlings responded to a third period of heavy 
rain in mid-December. All species had low growth rates 
over the dry January-February period but moderate growth 
resumed with the rain in March and April and continued 
until low temperatures began to restrict further growth.
Non-Invaded Site
The average growth rates for the pooled protected 
and unprotected seedlings on the non-invaded site are 
shown in Fig. 7*5« P. radiata (protected), E. robertsonii 
and E. macrorhyncha all show very similar patterns of shoot 
growth on this site. Rapid growth commenced in mid-September 
and maximum growth rates occurred between October and mid- 
January but slowed to low growth rates in mid-February, 
picking up again to moderate growth rates in March and 
April. E. robertsonii differs from P. radiata and E. 
macrorhyncha in that this species did not have a major 
peak in growth during mid-November. E. bridgesiana shows 
a slightly different pattern of growth. Peak growth occur­
red earlier in the season in late October and growth steadily 
declined over December and January with no resumption of 
growth in March and April. The peak in growth of E. bridge- 
siana in October is thought to be a result of rapid regen­
eration from the lignotuber of one plant which was com­
pletely defoliated by insects in mid-October, hence the 
accompanying peak in defoliation for E. bridgesiana during 
that period.
The unprotected P. radiata seedlings suffered 
very heavy defoliation as soon as their protective wire 
exclosures were removed in April 1978, and spring growth 
appears to have suffered substantially as a result of the
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FIG. 7 . 5  Growth r a t e s  and d e f o l i a t i o n  r a t e s  ( e x p r e s s e d  a s  a 
p e r c e n t a g e  o f  th e  maximum grow th  r a t e )  f o r  (a)  
p r o t e c t e d  P. r a d i a t a  and p o o le d  p r o t e c t e d  and 
u n p r o t e c t e d  E. m ac ro rh y n ch a  and E. r o b e r t s o n i i  
s e e d l i n g s  and (b) u n p r o t e c t e d  P .  r a d i a t a  and p o o le d  
p r o t e c t e d  and u n p r o t e c t e d  E. b r i d g e s i a n a  s e e d l i n g s  
on th e  n o n - in v a d e d  s i t e  and ( c )  weekly  r a i n f a l l .
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damage. Rapid growth did not commence until November, 
and after a brief peak in growth dropped to about 50% 
of the maximum growth rate in December and January. This 
was followed by a decline in growth similar to that of the 
protected P. radiata seedlings.
With the exception of P. radiata and the single 
E. bridgesiana seedling, defoliation rates were low on 
the non-invaded site with most defoliation occurring early 
in the growing season or at the end of the growing season. 
However, as on the invaded site, insect damage to the grow­
ing tips of the eucalypts caused a continuing reduction 
in growth rates.
As for the invaded site, growth rates are closely 
linked with climatic influences. Growth began at the same 
time as on the invaded site when mean minimum air tempera­
tures rose above 3*5“5*5°C. The three main peaks in growth 
followed good rainfalls but unlike the invaded site, growth 
continued through January, probably because of a greater 
moisture availability on the sheltered non-invaded site.
Cambial Growth
Cambial growth rates are presented in Fig. 7.6. 
There is a striking difference between the growth rates 
of P. radiata and the eucalypts. P. radiata began active 
cambial growth in early July, built up to a peak in growth 
in late August and maintained very rapid growth until late 
December. Growth dropped to low rates over the dry January- 
February period but then rapidly increased to a second 
peak in growth over March and April. Low growth rates 
were only recorded for May and June and January and Feb­
ruary. In contrast, the eucalypts did not commence growth 
until about mid-August and grew only at moderate rates 
until early November when growth started to slow down 
substantially. Stem shrinkage occurred in E. macrorhyncha 
between November and late February, in E. rossii during
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January-February when decortication occurred, and in 
E. robertsonii during late January and early February, 
Growth resumed again in March and April when autumn rains 
fell.
Cambial growth is initiated in the tree crown at the 
commencement of the growing season (Kozlowski 1971) and cam­
bial initiation then migrates down the tree stem to the tree 
base. The later cambial initiation in the eucalypts compared 
with P. radiata could be partially because of a slower 
migration of cambial initiation from the crown to the lower 
part of the bole. In large conifers, basipetal migration 
of cambial initiation takes about a week before it reaches 
the stem base (Kozlowski 1971) whereas in large diffuse 
porous trees, which includes the eucalypts, intervals of 
three weeks to more than a month can elapse before basi­
petal migration of cambial initiation is complete (Fritts 
1976). Amos et al. (I960) found a delay of 3-4 weeks between 
initiation of cambial growth at half height and at ground 
level in E. delegatensisT and Banks (pers. comm.) found 
a similar delay in E. uauciflora. In this study the delay 
in cambial initiation at breast height in the eucalypts 
is likely to be less than the 3-4 weeks suggested above 
because the sample trees were either large saplings or 
pole-size trees and not large mature trees. This would 
mean that P. radiata probably commenced cambial growth 
about 2-3 weeks earlier than the eucalypts. This was not 
unexpected because conifers usually have a longer period 
of cambial growth than hardwoods in the same environment 
(Fritts 1976).
Considerable fluctuation occurred in the diameters 
of the E. macrorhyncha and E. robertsonii stems. Hopkins 
(1968) observed similar fluctuations in E. obliqua which 
has a similar bark to E. macrorhyncha. Hopkins (1968) 
found that bark swelling after rain was negligible in 
E. obliqua and attributed the expansion and contraction
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of the bole to fluctuating water deficits in the tree 
caused by differences in transpiration rates and water 
absorption rates. The findings of Hopkins (1968) are in 
agreement with studies made on Northern Hemisphere tree 
species (Worral 1966, Lassoie 1973) and it is likely that 
fluctuating water deficits are responsible for the girth 
fluctuations observed in this experiment,
E. rossii has a decorticating bark and this 
complicates the measurement of girth increment for this 
species. It is not known when the decortication process 
commences but it is likely to be a considerable time before 
the bark begins to crack and fall off the trees. The 
shrinking of the outer layer of bark prior to bark shedding 
could be partially responsible for the low increments 
recorded for E. rossii during December, and perhaps as 
far back as early November, although shoot growth records 
suggest that growth rates would be expected to be low 
from mid-November onwards.
The average radial increment of P, radiata,
E. rossii, E. macrorhyncha and E. robertsonii over the 
one-year period was 7*34, 1.81, 0.60 and 2.01 mm respec­
tively. The very low increment for E. macrorhyncha indi­
cates that very little of the expansion recorded by the 
dendrometer bands was a result of actual cambial growth.
Although rainfall and temperature had a signifi­
cant influence on the patterns of cambial growth, fluc­
tuations in cambial growth rates could not be so readily 
related to climatic influences as could the shoot growth 
rates. Temperature was probably important in restricting 
cambial growth in mid-winter although moderate growth 
rates were recorded during July when temperatures were 
at their coldest for the year. Low soil moisture was 
obviously responsible for the low increments recorded in 
January and February and the resumption of growth in 
March was associated with the autumn rain.
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7.4 DISCUSSION
Observations on shoot and cambial growth of 
P. radiata and the eucalypts on the invaded and non-invaded 
sites suggest that the active growth periods of P. radiata 
are similar to those of the eucalypts but with some impor­
tant differences. P. radiata commences growth slightly 
earlier in the spring than the eucalypts and is capable 
of better growth during the dry summer period. However, 
apart from these two periods it seems likely that P. 
radiata and the eucalypts would compete actively for site 
resources.
Out of the four species of eucalypt studied,
E. rossii had the shortest period of rapid shoot growth 
and E. macrorhyncha the longest. On the invaded site, the 
basal area of E. rossii is roughly twice that of E. mac­
rorhyncha and measurements of diameter growth indicate 
that E. rossii is growing about 3 times as fast as E. 
macrorhyncha. This would suggest that E. rossii is the 
most competitive eucalypt species on this site. Measure­
ments of cambial and shoot growth show that P. radiata 
commences growth in the spring about a month earlier than 
E. rossii. Furthermore, growth rates of E. rossii were low 
over the December to April period and the species only 
showed a minor response to rainfalls in December and 
March. In contrast, P. radiata was more opportunistic and 
grew more rapidly during this period when conditions 
were favourable and maintained moderate growth rates even 
during the dry summer period. This combined with the low 
growth rates of the older E. macrorhyncha stems indicates 
that P. radiata would be relatively free from competition 
from the eucalypt overwood at the beginning and at the end 
of the growing season on the invaded site.
On the non-invaded site, the patterns of active 
shoot growth of the two most important species on the 
site, E. macrorhyncha and E. robertsonii, closely mirror
those of P. radiata and on this information alone it would 
seem that competition between the pines and eucalypts would 
be intense. However, the dendrometer band studies on older 
trees indicate that growth of the E. robertsonii overwood 
is slow and erratic. In addition, the E. macrorhyncha 
component of the forest is in poor condition and although 
no dendrometer bands were applied to this species on the 
non-invaded site, it is considered unlikely that E. mac­
rorhyncha is growing as fast as E. robertsonii because 
no vigorously growing examples of E. macrorhyncha could 
be found. Therefore, the rapid growth of the pines on 
this site could partially be a result of the lack of 
consistently strong competition by the eucalypts for 
resources right through the growing season, and the abil­
ity of P. radiata to continue moderate growth rates through 
the driest part of the year.
In a vigorous regrowth forest containing E. 
robertsonii and E. macrorhyncha it is possible that com­
petition between invading P. radiata and the eucalypts 
would be so intense that successful pine invasion would 
be excluded or limited to a low frequency. However, vig­
orous regrowth forests are rare at the lower altitudes 
of the Brindabella Ranges.
The invaded site is probably a marginal site 
for E. macrorhyncha. as it is very exposed and E. rossii 
usually replaces E. macrorhyncha on dry exposed sites.
The inability of E. macrorhyncha to occupy extremely dry 
sites may be reflected in its seasonal patterns of shoot 
growth which resemble those of the more rnesic species,
E. robertsonii. (E. robertsonii continued to grow right 
into the dry summer period, ceasing growth only when soil 
moisture became limiting.) In contrast, E. rossii grew 
only slowly after late November despite good rains in 
December. In this way E. rossii could be avoiding drought
stress more effectively than E. macrorhyncha, thus conferring
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an advantage on E. rossii on the dry exposed sites. P. 
radiata growth patterns are intermediate between E. mac- 
rorhyncha and E. rossii and the species could be better 
adapted to the invaded site. It has a similar pattern of 
growth to E. rossii but is able to maintain higher growth 
rates during the summer and is able to respond very rapidly 
to improved growing conditions at any time in the grow­
ing season.
The extent to which P. radiata would compete 
with a vigorous E. rossii stand is difficult to infer from 
the results of this experiment, but it appears that com­
petition would be great during the period of maximum 
growth of E. rossii. If P. radiata can outcompete E. 
rossii for resources then it appears that E. rossii could 
be ultimately excluded from the forest. The converse is 
unlikely to be true because P. radiata can grow relatively 
free from competition during periods when the growth of 
E. rossii is minimal.
Measurements of diameter growth indicate that 
P. radiata grows considerably faster than the eucalypts 
on the invaded site. The low growth rates of the eucalypts 
could be related to a number of factors, one of which 
would be the characteristically high levels of insect 
damage which they sustain. Eucalypts are noted for their 
vulnerability to insect damage (Morrow 1977a? 1977b, 
Springett 1978) and this contrasts with the virtual absence 
of insect attack on P. radiata in the study area. Repeated 
damage of the apical buds was observed on many of the 
eucalypt seedlings resulting in retardation of growth. 
Cremer (1972a) noted a similar effect in E. regnans seed­
lings damaged by insects in Tasmania. Although the impact 
of insect damage varies in different seasons (Cremer 
1973a)? damage is always associated with a reduction in 
growth rates. Therefore, the eucalypts spend much of 
the growing season recovering from insect damage whereas
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P. radiata, being relatively free from insect attack, 
is better able to utilize the entire growing season.
Although P. radiata did not suffer from severe 
insect damage it was highly vulnerable to mammalian her­
bivores on the non-invaded site. Growth on this site was 
severely restricted by damage from herbivores and the 
competitive ability of the species was reduced because 
of the resultant shortened period of rapid spring growth. 
This would be a major contributing factor to the exclusion 
of P. radiata from this site.
The ability of P. radiata to commence rapid 
growth early in the spring is related to its ability to 
grow at relatively low temperatures. Hellmers and Rook 
(1973) found that P. radiata grew fastest under cool 
day (17-23°C) and cool night (5-11°C)conditions and empha­
sized the importance of cool nights. On comparison with 
the temperature regimes of the native habitat of P. radiata, 
Hellmers and Rook (1973) suggested that the "importance 
of cool night temperatures to the growth of radiata pine 
might well be a result of the adaptation of this species 
to the climate of that part of California". On inspection 
of Figs 7.3 and 7*4 it can be seen that maximum shoot 
growth of P. radiata occurred over a similar temperature 
range except that growth slowed down during the warmer 
conditions over December.
The delay in commencement of spring growth in 
the eucalypts may be related to the greater sensitivity 
of eucalypts to frost compared with P. radiata (Forest 
Research Institute, New Zealand 1 9 7 6 b ) .  Air temperatures 
have been shown to influence eucalypt growth (Scurfield 
1961, Ashton 1975a, Cremer 1975) and the eucalypts in the 
study area probably require warmer air temperatures before 
they can commence spring growth.
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In conclusion, there is no evidence to suggest 
that the peak growth period of P. radiata occurs at a 
different time of the growing season to that of the euca- 
lypts and competition for resources is, therefore, likely 
to be heavy during the period of maximum growth. The 
ability of P. radiata to commence growth slightly earlier 
in spring and to continue growth later into the summer 
compared to E. rossii, gives P. radiata a small competitive 
advantage on the invaded site. This advantage would be 
lost on the non-invaded site where the growth of the 
dominant eucalypt species closely mirrors that of P. 
radiata. One of the major factors contributing to the 
success of P. radiata is the poor condition of the euca- 
lypts which is reflected in their very low rates of growth 
compared to P. radiata.
From this discussion of seasonal growth patterns 
it can be seen that there are two main aspects of the 
competitive relations between P. radiata and the eucalypts 
which require further study. These are:
(1) Studies on the way in which the pines and euca­
lypts are using their water resources. During 
the growing season, soil moisture appears to be 
the main limiting factor to the growth of both
P. radiata and the eucalypts. Rainfall is unreli­
able in the A.C.T. and prolonged dry periods can 
occur at any time of the year. An ability to 
withstand drought periods without sustaining 
damage and an ability to be able to resume rapid 
growth as soon as conditions improve would be 
highly advantageous to plant species growing on 
the exposed sites in the study area.
(2) Studies aimed at determining why the eucalypts 
on the invaded sites are growing so slowly and 
hence offering little consistently strong com­
petition to the pines during the growing season.
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These two areas are examined in Chapter 8 (water 
relations) and Chapter 9 (condition of the eucalypt stand).
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CHAPTER 8
SEASONAL PATTERNS IN THE WATER RELATIONS 
OF PINUS RADIATA AND TWO EUCALYPT SPECIES
8.1 INTRODUCTION
The invasion of eucalypt forest by P. radiata 
characteristically occurs on dry, moderately exposed slopes 
subject to drought conditions during summer. Plants grow­
ing in such an environment must not only be able to sur­
vive under dry conditions, but must also successfully 
compete for the limited supply of soil moisture that is 
available.
Plants have evolved a number of different drought 
resistance mechanisms (Parker 1968, Levitt 1972). Tree 
species, according to Levitt (1972), are drought stress 
avoiders "since they normally remain turgid and, there­
fore, near 100% relative humidity, although daily exposed 
to the much lower relative humidity of the surrounding 
air". Levitt (1972) divides drought (stress) avoiders 
into two categories, water savers and water spenders.
Water savers avoid drought by water conservation whereas 
water spenders avoid drought by absorbing water sufficiently 
rapidly to keep up with their extremely rapid water loss. 
Water spenders are likely to compete strongly for soil 
water during drought periods in comparison to water savers 
which are less dependent on soil water reserves.
The available evidence suggests that there is 
considerable variation among eucalypt species in their 
ability to control water loss (Grieve 1956, Doley 1967» 
Quraishi and Kramer 1970, Ladiges 1974? Pareira and Koz- 
lowski 1976, Awang 1977, Connor et al. 1977, Bartle and 
Shea 1978, Shea et al. 1978, Withers 1978b, Greenwood
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and Beresford 19795 Shea et al. 1979). Eucalypts vary 
from prodigious water spenders such as E. regnans (Connor 
et al. 1977)? E. marginata (Doley 1967? Shea et al. 1978) 
and E. pilularis (Awang 1977) to moderately efficient water 
savers such as E. microcorys (Shea et al. 1978) and E. 
acmenioides (Awang 1977). However, despite the variation 
in ability to control water loss, the eucalypts are best 
classified as water spenders when compared to water saving 
species such as Acacia aneura var. latifolia which can 
survive in extremely dry conditions in the Western Aus­
tralian desert by efficiently controlling its water loss, 
and by being able to tolerate very low xylem pressure pot­
entials (Shea et al. 1979).
Pinus species are noted for their relatively 
high drought resistance when compared with many other 
conifers, and their capacity to continue photosynthesis 
under dry summer conditions (Mirov 1967). Controlled 
environment studies indicate that P. radiata has a high 
degree of stomatal control and can effectively restrict 
water loss during severe drought periods (Johnston 1958, 
cited in Johnston 1964? Rook et al. 1978). In addition, 
the species has the capacity to continue some growth under 
moderate stress conditions (Rook et al. 1978) and, there­
fore, it has some of the characteristics of both a water 
spender and a water saver. However, plants grown under 
controlled conditions often differ in their responses 
to water deficits from plants grown in the field (Begg 
and Turner 1976) and, therefore, the observations of 
Rook et al. (1978) cannot be directly related to field 
conditions.
Both water savers and water spenders can be 
found within the same plant community (Shea et al. 1979? 
Withers 1978b) and the adoption of different drought 
resistance mechanisms may contribute to the niche dif­
ferentiation of species which in other respects occupy
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similar niche spaces. It is possible that P. radiata 
adopts a strategy of water use that is different to that 
of the eucalypt species on the invaded sites and in this 
way can to some extent avoid heavy competition for water 
resources during summer. This chapter compares the seasonal 
patterns of stomatal resistance and leaf water potential 
in P. radiata with those of E. rossii and also compares 
the water relations of E. rossii with those of a more 
mesic eucalypt species, E. fastigata, in order to gain 
a better understanding of the range of water using strate­
gies to be found among the eucalypts in the broad area 
of study.
8.2 METHODS
The diurnal patterns of leaf water potential 
and stomatal resistance in P. radiata and E. rossii sap­
lings were measured at five different times during the 
1978-79 growing season on an invaded site (described in 
Section 5»1 under site 6). Measurements were made at the 
beginning of spring (late August-early September), during 
the middle of the growing season (late October), at the 
onset of severe summer drought (mid-January), at the 
height of the summer drought (early March) and immediately 
after good autumn rains fell in the first week of March. 
Measurements were also made on E. fastigata regrowth near 
New Chums Road (2 km to the east of Bulls Head). However, 
measurements were only made for this species over the 
first three recording periods because heavy rains fell 
before measurements could be made at the height of the 
summer drought period.
The 1978-79 growing season was characterised by 
consistent spring rain up to the end of December followed 
by a very hot and dry January-February period, during 
which only 10.7 mm of rain were recorded at the invaded 
site. Heavy rain during the first week of March ended 
the drought period (see Fig. 8.9(e)).
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Selection of Sample Trees
On the invaded site, two E. rossii and two P. 
radiata saplings 2.5-3«5 m in height (Fig. 8.1) were 
subjectively chosen as sample trees for diurnal measure­
ments (sunrise to sunset) of leaf water potential and 
stomatal resistance. To determine whether the main sample 
trees had typical values of stomatal resistance and leaf 
water potential, measurements were compared with those 
made on an additional six P. radiata and six E. rossii 
saplings measured between 12.00 and 15.00 hrs (EST*) on 
separate days during the second, third and final record­
ing periods.
All of the sample trees were growing within an 
area of approximately 40 m x 40 m. Vigorously growing 
saplings were chosen as sample trees, but because of the 
generally poor condition of the eucalypt advance-growth, 
it was necessary to use slower-growing trees for the six 
additional E. rossii saplings. Because the pines were 
growing very much faster than the eucalypts, the pines 
were about 1.5 m taller than the eucalypts by the end 
of the growing season.
On the moist sheltered site, three E. fastigata 
saplings 2.5-3*5 m in height were chosen as sample trees 
for diurnal measurements of water relations. The three 
sample trees were growing in a small patch of E. fastigata 
regrowth in an area of approximately 10 m x 10 m.
Because of the large amount of data collected 
it was not possible to sample all the trees on a single 
day. Instead, five sampling days were required at each 
recording period. Two days were spent measuring the diurnal
^Eastern Standard Time
(b)
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FIG. 8.1 The sample trees used for the measurement of temporal \
in the water status of pines and eucalypts; (a) pine no. 1 
(b) pine no. 2 (c) eucalypt no. 1 (d) eucalypt no. 2.
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water relations of the main P. radiata and E. rossii 
sample trees (one P. radiata and one E. rossii sapling 
per day)• Two further days were spent comparing the main 
sample trees and the six additional pines and eucalypts 
on the invaded site (three additional pines and eucalypts 
plus the main sample trees each day), and the fifth day 
was used to measure the diurnal water relations of the 
three E. fastigata saplings. During the last recording 
period some assistance was available and only one day 
was spent measuring the four main sampling trees on the 
invaded site.
Stomatal Resistance
Stomatal resistance was measured using a venti­
lated diffusion porometer (Turner et al. 1969) which mea­
sures the rate of water loss from the leaf surface into 
a dry chamber. The resistance measurement obtained is the 
combined cuticular and stomatal resistance, although 
cuticular resistance is assumed to be very high and is 
usually ignored (Turner et al. 1969)* Stomatal resistances 
of the main sample trees were measured at approximately 
one hour intervals between sunrise and sunset. In the 
case of the eucalypts, measurements of stomatal resistance 
were made on four sunlit, fully expanded leaves from cur­
rent year foliage at a height of about 2 m from the ground. 
The stomatal resistances of the abaxial and adaxial leaf 
surfaces were measured separately on adjacent portions 
of the leaf and the leaf resistance (R-^ ) was calculated 
assuming the two leaf surfaces act as parallel resistors 
(Burrows and Milthorpe 1976). Projected leaf area was used 
when calculating leaf resistance. Light intensity inci­
dent upon the leaf was measured at the same time as sto­
matal resistance using a photosynthetically active radi­
ation sensor (P.A.R. 400-700 nm, Lambda Inst. Corp. Model 
LI-170).
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For P. radiata, three measurements of stomatal 
resistance were made on sunlit, fully-expanded needles 
from current year foliage at about 2 m from the ground.
For each measurement, the end 3 cm of two needle fascicles 
(six needles) was sealed into the porometer chamber via 
a special port designed for this purpose. Light intensity 
was measured at the same time as stomatal resistance. 
Dimensions of the needles inside the porometer chamber 
were measured with a pair of vernier callipers and the 
surface area of the needles was calculated using the assump­
tion that the solid shape of the fascicle is cylindrical 
(Wood 1971)• Because relative values of leaf resistance 
rather than absolute values were important in this study, 
the error associated with the above assumption was accep­
table as the error is in the form of a consistent bias 
(about an 11% overestimate, Wood (1971)). Stomata are 
distributed over the entire surface of P. radiata needles 
(Rook et al. 1978) and it was assumed for the purposes 
of calculating stomatal resistance that the stomata are 
evenly distributed over the needle surface. To make resis­
tance values comparable with those of the eucalypts, which 
were calculated on a projected area basis (half of the 
total area), leaf resistances for the pines were halved.
Leaf Water Potential
Leaf water potentials were measured, using the 
pressure chamber technique (Scholander et al. 1965? Waring 
and Cleary 1967)5 at approximately the same time as stomatal 
resistance measurements were made. At each sampling time, 
leaf water potential was measured on a minimum of three 
fully-expanded needles or leaves from current year foliage. 
Leaves and needles were sampled from a height of 2 m. 
Measurements were recorded within 60 secs of cutting the 
leaf or needle from the tree and, therefore, only minimal 
amounts of water would be evaporated from the plant material 
before the measurement was made. If consistent readings
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(within + 0,05 MPa*) were not obtained from the three 
leaves, a further three were sampled and an average value 
was taken.
Microclimate
For all but the first recording period, wet and 
dry bulb temperatures were recorded at hourly intervals 
during the sampling days using a whirling psychrometer. 
Vapour pressure deficit was calculated from these readings. 
Rainfall records were obtained from the CSIRO Division 
of Forest Research, which maintains a rain gauge 50 m 
from the invaded sampling site.
Tree Growth
Dendrometer bands of the type described in Sec­
tion 7«2 were applied to the two main P. radiata and 
two E. rossii sample trees during late September and girth 
increment was measured at fortnightly intervals over 
the growing season.
8.3 RESULTS
8.3«1 The Water Relations of P. radiata and E. rossii
The diurnal course of the water status of the 
two P. radiata and two E. rossii sample trees for the 
five recording periods is displayed in Figs 8.2 and 8.3*
A logarithmic scale has been used for leaf resistance to 
enable the widely differing leaf resistance values of 
P. radiata and E. rossii to be conveniently displayed on 
the one set of axes. Light intensity, air temperature 
and vapour pressure deficit records have been omitted for 
clarity but are discussed later.
* 1 MPa - 10 bars
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20- 8-78
24-10-78
£
16- 1-79
1- 3-79
8- 3-79
Eastern S tandard Time ( Hours)
Diurnal patterns of leaf resistance and leaf 
water potential in E. rossii (tree no. 1, □ ) 
and P. radiata (tree no. 1, a ) over the five 
recording periods.
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10- 9-78
25- 10-78
20 - 1-79
2 - 3-79
8 - 3-79
Eastern Standard Time (Hours)
FIG.  8 . 3  D i u r n a l  p a t t e r n s  o f  l e a f  r e s i s t a n c e  and l e a f  
w a t e r  p o t e n t i a l  i n  E.  r o s s i i  ( t r e e  no.  2 ,  □ ) 
and P .  r a d i a t a  ( t r e e  no.  2 , a  ) o v e r  th e  f i v e  
r e c o r d i n g  p e r i o d s .
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During the first recording period in early spring 
(20/8/78-10/9/78) soil moisture was near field capacity 
and the diurnal patterns of leaf resistance and leaf water 
potential for E. rossii and P. radiata were very similar.
Leaf resistances fell after sunrise and after reaching 
minimum values between 9.00 and 10.00 hrs, rose very slowly 
during the afternoon to near dawn levels at dusk. P. radiata 
had slightly higher resistances than E. rossii. Leaf water 
potentials followed a very similar pattern with maximum 
potentials at dawn (approximately -0.35 MPa in E. rossii 
and -0.60 MPa in P. radiata), dropping to a midday minimum 
of about -1.50 MPa in both species, and then rising to values 
slightly lower than dawn readings at sunset. E. rossii had 
slightly higher water potentials throughout the day.
By the second recording period in late October 
(2^-25/10/78) P. radiata had increased its leaf resistances, 
whereas E. rossii showed virtually identical patterns to 
those in early spring. However, apart from the slightly 
higher resistances in P. radiata the daily fluctuation in 
leaf resistance of both species was very similar to the pre­
vious period, with maximum resistances at sunrise, dropping 
to a minimum between 8.00 and 10.00 hrs, followed by a slow 
increase in resistance during the rest of the day with sto- 
matal closure occurring at sunset. Leaf water potentials were 
also similar to those of early spring. However, while the 
potentials of E. rossii had tended to be slightly above those 
of P. radiata in early spring, during the second recording 
period they tended to drop below those of P. radiata for part 
of the day. The E. rossii leaf water potentials were low at 
dawn (about -0.37 MPa), but dropped to below those of P. 
radiata by 8.00 hrs to a minimum of -1.91 MPa on 24/10/78 and 
-1.72 MPa on 25/10/78, and then rose again to higher values 
than P. radiata by sunset. The dawn leaf water potentials of 
P. radiata were similar to the previous period (-0.67 MPa) 
and potentials only fell to -1.45 MPa. The lower leaf water 
potentials reached by E. rossii were probably a result of the 
lower leaf resistances recorded for this species compared to 
P. radiata. However, despite this, E. rossii was still capable 
of recovering to higher potentials than P. radiata by late 
afternoon. Such rapid recovery without a corresponding
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increase in stomatal resistance indicates that the xylem 
conductivities to internal water flow are probably higher in 
the eucalypt than the pine. Xylem conductivities are generally 
much greater in hardwoods than conifers (Heine 1971) and 
Hinckley et al. (1978) suggest that the ability of leaf water 
potential to equilibrate with soil water potential will be 
poorer in conifers than hardwoods because of a higher 
flow resistance and tissue capacitance in the conifers.
The consistent rain which fell during the spring 
ceased at the end of December and hot dry weather pre­
vailed during the whole of January and February. The third 
recording period (16-20/1/79) followed four weeks of dry 
weather when surface-soil moisture levels were quite low.
P. radiata responded to the dry conditions by maintaining 
moderate leaf resistances during the morning (minimum 
value of 6 sec cm” ) and by minimising moisture loss 
during the hottest part of the day by completely closing 
its stomata (resistances of more than 100 sec cm” *).
A slight drop in leaf resistance occurred in P. radiata 
(Tree 1) late in the afternoon of 16/1/79 probably as a 
response to lower temperatures and humidities but this 
was soon followed by stomatal closure at sunset. In con­
trast to P. radiata. E. rossii only showed a slight increase 
in leaf resistance from the previous recording period,
_  iwith maximum values of 4 sec cm while under non-limiting 
light conditions. Even on 20/1/79 (Tree 2), when the maxi­
mum air temperature was 35°C and relative humidity drop­
ped to 19%, E. rossii failed to increase stomatal resis-
_ 1tance to above 4 sec cm under non-limiting light con­
ditions. The large differences between the leaf resistances 
of P. radiata and E. rossii are reflected in the leaf 
water potentials of each species. Leaf water potential 
in E. rossii dropped below that of P. radiata by 8.00
*The porometer used in this study was not capable of 
accurately measuring resistances of more than 100 sec cm 
and readings above 200 sec cm" were simply recorded as 
200 sec cm ; e.g. Fig. 8.3, 20/1/79* Stomata can be 
considered to be shut at these values.
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hrs to a minimum value of -2.10 MPa whereas the leaf 
water potential of P. radiata did not drop below -1.70 
MPa. However, as for previous sampling periods the dawn 
water potentials of E. rossii were slightly higher than 
those of P. radiata (-0.93 MPa and -1.11 MPa respectively), 
indicating that E. rossii was still capable of replenishing 
water supplies overnight.
The behaviour of E. rossii was found to be quite 
different at the height of the summer drought period at 
the beginning of March (1/3/79)» Unfortunately, light 
rain fell during the night of 1/3/79 and also during 
the following day so that information on the response 
of the two species to maximum water stress has been obtained 
from only the single P. radiata and E. rossii saplings 
sampled on 1/3/79 (Fig. 8.2). The diurnal pattern of 
leaf resistance of E. rossii was substantially different 
from that recorded previously with its leaf resistance 
closely mirroring that of P. radiata. However, leaf resis­
tances in E. rossii were still much lower than those of
_ -|P. radiata, with a minimum of 3»0 sec cm at 11.00 hrs,
_ -|rising rapidly at around midday to 12.8 sec cm followed 
be a slight drop in resistance late in the afternoon and
finally by stomatal closure at sunset. A minimum leaf
_ ]resistance of 9»2 sec cm was recorded for P. radiata_ iduring mid-morning and the maximum value of 136 sec cm 
was recorded during mid-afternoon after a rapid increase 
in resistance at about midday. As for E. rossii a slight 
drop in resistance occurred during late afternoon followed 
by stomatal closure at sunset. The diurnal patterns of 
leaf water potential in E. rossii were also quite different 
from those recorded previously with a very low dawn potent­
ial of -2.71 MPa falling to -3»23 MPa by midday. P. radiata 
had much higher water potentials with a dawn value of 
-1.31 MPa falling to -1.83 MPa during the afternoon.
The sampling day (1/3/79) was only slightly cloudy in 
the morning but heavy cloud built up after 14*00 hrs.
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Leaf water potentials would probably have fallen consider­
ably below those recorded if the weather had been sunny.
Measurements were made on the second P. radiata 
and E. rossii saplings on 2/3/79 (Fig. 8.3) despite light 
overnight rain. Although it is difficult to know how the 
sample trees reacted to the misty rain and humid conditions 
during the day, they do show that E. rossii had very low 
dawn leaf water potentials (-2.38 MPa) and had higher leaf 
resistances* than recorded during the mornings of previous 
recording periods. The second P. radiata sapling had a 
lower dawn leaf water potential (-1.80 MPa) than that 
recorded for the first sapling the day before (-I.3I 
MPa), and showed a steady decline in water potential during 
the day to a minimum of -2.20 MPa. E. rossii reached 
-2.76 MPa. Leaf resistances in the P. radiata sapling 
did not increase after mid-morning as they had on previous 
occasions and this may account for the low leaf water 
potentials recorded on that day. This lack of stomatal 
response to low leaf water potentials could have been 
associated with the very light drizzly rain which fell 
during that morning which may have inhibited stomatal 
closure. Heavy rain fell early in the afternoon and mea­
surements were terminated.
Heavy rain was recorded between 2 March and 4 
March (45 mm) and soil moisture levels were returned to 
field capacity over that period. The final measurements 
were made on 8/3/79. Leaf water potentials of both pines 
and eucalypts had returned to near the levels recorded in 
spring, with dawn water potentials of -0.35 MPa in E. 
rossii and -0.95 MPa in P. radiata. E. rossii was again 
capable of restoring leaf water potential to high values
*Stomatal resistances measured under these conditions 
were made on leaves and needles which had been thoroughly 
dried with tissue paper and sheltered from the misty rain 
for a few minutes before measurement.
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overnight. Leaf resistances in E. rossii were very similar 
to those recorded in January with low resistances being 
maintained throughout the day. However, P. radiata was 
still maintaining moderately high leaf resistances and 
this combined with its comparatively low leaf water poten­
tials compared to E. rossii suggests that P. radiata had 
not fully recovered from the summer drought at the time 
of measurement.
The water status of the main sample trees together 
with that of the additional 6 eucalypts and 6 pines is 
compared in Fig. 8.4» Because meterological conditions 
vary continuously under field conditions it is difficult 
to make precise comparisons between different trees unless 
they are measured simultaneously and they are experiencing 
similar soil water potentials. However, by comparing the 
sample trees with the additional trees it can be seen that 
similar values were obtained for the trees within each 
species. Changing temperature, humidity and incident radi­
ation can cause rapid fluctuations in leaf water potential 
and this is considered to be responsible for the apparent 
differences between the individual trees sampled on 27/10/78. 
On this sampling day humidity increased from 40% to 60% 
during the sampling period, and temperature dropped 
from 20.5°0 to 17»5°C, apparently causing an increase 
in leaf water potentials. E. rossii number 1 was sampled 
twice in the period and its leaf water potential rose in 
harmony with the rest of the sample. Similarly on 7/3/79 
relative humidity rose from 30% to 45% in the sampling 
period and was probably responsible for the high leaf 
water potentials of the eucalypts sampled later in the 
day. The pines did not show such a rapid response to the 
humidity change but this was expected because the two 
main P. radiata sampling trees showed slower responses 
to changes in environmental conditions compared to E. 
rossii during this recording period (Figs 8.2 and 8,3?
8/3/79)
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8.4 Comparisons of the water status of the main
sampling trees (open symbols) with six additional 
trees of each species (closed symbols) for 
the second, third and final recording periods.
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It was, therefore, concluded that when compared 
with other trees of the same species, the main sample 
trees had fairly typical values of leaf resistance and 
leaf water potential.
During the day both E. rossii and P. radiata 
demonstrate regular changes in stomatal resistance almost 
certainly in response to changes in microclimatic condi­
tions. Burrows and Milthorpe (1976) list a number of 
external factors which can influence stomatal resistance 
including light flux density, leaf water status, humidity, 
leaf temperature, wind velocity, nutrient supply and 
CO2 concentration near the guard cells. The first three 
of these factors are investigated.
Light Intensity
There is a close relationship between light inten- 
isty and leaf resistance for both E. rossii and P. radiata. 
To investigate the relationship, values of photosyntheti- 
cally active radiation were plotted against leaf resis­
tance for the first three recording periods at times when 
leaf water potential did not appear to be limiting (Fig. 
8.5)• For both species leaf resistance is virtually inde­
pendent of light intensity at intensities greater than 
-2 -1300 mE m s but is strongly dependent on light intensity
-2 -1at intensities below 150 mE m s . During the third 
recording period P. radiata did not reach the low leaf 
resistance values recorded for the first two periods 
indicating that there are seasonal differences in the 
relationship between leaf resistance and light intensity 
for this species. E. rossii did not demonstrate this 
phenomenon although it is possible that a similar response 
would be obtained later in the summer when soil water 
became limiting. However, it is difficult to separate 
the effects of low leaf water potential and low light 
intensity during the late summer period so the relationship
■ Spring 
□ Summer
Light Intensity (^uEm'2s‘ ')
■ Spring 
□ Summer
500 1000
Light Intensity (jaE m‘2 s-1)
FIG. 8,5 Relationships between leaf resistance and light 
intensity (/+00-700nm) for (a) the two E. rossii 
sample trees (El and E2) and (b) the two P. radiata 
sample trees (PI and P2) under conditions of high 
soil moisture (closed symbols) and limiting soil 
moisture (open symbols).
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be tw een  l e a f  r e s i s t a n c e  and l i g h t  i n t e n s i t y  was n o t  examined 
f o r  p e r i o d s  a f t e r  m id - J a n u a r y .
L e a f  Water  P o t e n t i a l
From t h e  d i u r n a l  m easurem ents  o f  t h e  w a t e r  s t a t u s  
i n  b o th  t h e  p i n e s  and e u c a l y p t s  i t  i s  e v i d e n t  t h a t  t h e  
s t o m a t a  c l o s e  a f t e r  h ig h  l e a f  w a t e r  p o t e n t i a l s  a r e  r e a c h e d  
and t h a t  P .  r a d i a t a  c l o s e s  i t s  s t o m a ta  e a r l i e r  t h a n  E. 
r o s s i i . When d e t e r m i n i n g  th e  l e a f  w a te r  p o t e n t i a l  a t  which 
s t o m a t a  c l o s e  i t  i s  more c o n v e n i e n t  to  u se  l e a f  c o n d u c tan c e  
(1 /R^)  r a t h e r  t h a n  l e a f  r e s i s t a n c e  b e c a u se  c o n d u c ta n c e  i s  
l i n e a r l y  r e l a t e d  to  s t o m a t a l  a p e r t u r e  (Burrows and M il -  
t h o r p e  1 976) .  Because  o n ly  a l i m i t e d  r a n g e  o f  l e a f  w a te r  
p o t e n t i a l s  e x i s t e d  on any one sam p l in g  day i t  was n e c e s s a r y  
to  combine a l l  t h e  r e s u l t s  f o r  t h e  f i v e  r e c o r d i n g  p e r i o d s  
i n  o r d e r  to  p r o v i d e  a s u f f i c i e n t  r an g e  o f  l e a f  w a te r  p o t e n ­
t i a l s  to  d e te r m in e  t h e  p o i n t  o f  s t o m a t a l  c l o s u r e .  F ig .
8 .6  shows th e  r e l a t i o n s h i p s  be tw een  l e a f  w a te r  p o t e n t i a l  
and s t o m a t a l  c o n d u c ta n c e  o b t a i n e d  i n  t h i s  manner f o r  P.  
r a d i a t a  and E. r o s s i i .  Because  t h e  d a t a  i n  F i g .  8*6 were 
c o l l e c t e d  o v e r  a  r a n g e  o f  v a p o u r  p r e s s u r e  d e f i c i t s ,  t e m p e r a ­
t u r e s  and most  i m p o r t a n t l y  o v e r  d i f f e r e n t  t im e s  o f  t h e  y e a r ,  
t h e r e  i s  a  wide s c a t t e r  o f  p o i n t s  f o r  b o t h  s p e c i e s .  However, 
t h e  p r o b a b l e  r e l a t i o n s h i p  be tw een  l e a f  w a t e r  p o t e n t i a l  and 
s t o m a t a l  c o n d u c ta n c e  u n d e r  n o n - l i m i t i n g  c o n d i t i o n s  can be 
e x t r a c t e d  from t h e  d a t a  by t r a c i n g  a ro u n d  th e  l e f t - h a n d  
boundary  o f  t h e  d a t a  p o i n t s  i n  each  f i g u r e  (Webb 1972,
J a r v i s  1 976) .  The e s t i m a t e d  r e l a t i o n s h i p s  be tw een  s t o m a t a l  
c o n d u c ta n c e  and l e a f  w a te r  p o t e n t i a l  i n d i c a t e  t h a t  s t o m a t a l  
c l o s u r e  o c c u r s  i n  P .  r a d i a t a  a t  a b o u t  - 1 . 4 5  MPa and i n  
E. r o s s i i  a t  a b o u t  - 2 . 0 8  MPa. The v a lu e  o f  - 1 . 4 5  MPa f o r  
P. r a d i a t a  a g r e e s  c l o s e l y  w i th  th e  o b s e r v e d  b e h a v i o u r  
o f  t h e  s p e c i e s  and i s  i n  c l o s e  ag reem en t  w i th  t h e  v a lu e  
o f  - 1 . 5  MPa o b s e r v e d  by Kaufmann (1977)* However, t h e  
v a lu e  o f  - 2 . 0 8  MPa f o r  th e  e u c a l y p t  i s  c o n s i d e r e d  to  be 
an o v e r e s t i m a t e  b e c a u s e  no d a t a  were a v a i l a b l e  f o r  l e a f  
w a te r  p o t e n t i a l s  b e tw een  - 2 . 1 2  MPa and - 2 . 6 0  MPa. By
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•  E. rossii No. 1 
O E. rossii No. 2
OO •
-3 0  -2-5 -2 0  -1-5 -10
Leaf W ate r Potential, ^  (M P a)
•  P. radiata No. 1 
O P. radiata No. 2
• 8*
— #-,*• •
Leaf W ater Potential, \P| (M P a)
FIG. 8.6 Relationships between leaf conductance and leaf water 
potential for (a) E. rossii and (b) P. radiata.
The lines drawn indicate the probable relationships 
between leaf conductance and leaf water potential 
when vapour pressure deficit and temperature are 
not limiting.
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inspecting the diurnal patterns of leaf water potential 
in E. rossii (Figs 8.2 and 8.3) it can be seen that leaf 
water potential fell below -2.08 MPa on 16/1/79 and 10/1/79 
with no corresponding increase in leaf resistance. In addi­
tion, on 1/3/79 leaf resistance did not rise substantially 
until leaf water potential fell below -3*05 MPa. It is, 
therefore, considered that the threshold value of leaf 
water potential for E. rossii lies near the lower end of 
the range -2.08 MPa to -3*05 MPa.
The wide scatter of data points in Fig. 8.6 is 
attributed to variations in vapour pressure deficit (see 
Fig. 8.7)? temperature and osmotic potential over the 
different recording periods. Stomatal responses to leaf 
water deficits are exerted through the turgor pressure* 
of the guard cells (Allaway and Milthorpe 1976). Osmotic 
adjustments have been observed to occur in response to 
exposure to drought (Turner 1974? Brown et al. 1976, Hsaio 
et al. 1976, Osonubi and Davies 1978) and such adjustments 
can cause an increase in the "threshold" leaf water poten­
tial value at which stomatal closure will occur (Burrows 
and Milthorpe 1976). Therefore, high osmotic potentials 
early in the season will cause stomatal closure at higher 
leaf water potentials and low osmotic potentials in the 
summer will allow stomata to remain open under lower leaf 
water potentials. In addition, after a period of water 
stress, when the stomata are closed, there is often an 
after-effect which causes the stomata to remain partially 
closed after the resumption of favourable moisture con­
ditions. This response is thought to be a result of abscisic 
acid build-up in the guard cells (Allaway and Milthorpe 
1976). Such a response causes misleadingly low stomatal 
conductances under relatively high leaf water potentials.
*Turgor pressure equals leaf water potential minus osmotic 
potential.
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The influence of osmotic potential was not inves­
tigated in this study but the relationship between vapour 
pressure deficit and leaf conductance was examined.
Vapour Pressure Deficit
The relationships between leaf conductance and 
vapour pressure deficit, under non-limiting leaf water 
potentials and light conditions, are shown in Fig. 8.7.*
Both P. radiata and E. rossii show a linear relationship 
between leaf conductance and vapour pressure deficit. 
However, measurements for P. radiata on 8/3/79 deviate 
substantially from the spring measurements, probably because 
of incomplete recovery from the stress conditions experi­
enced six days before these measurements were made. Reg­
ression lines were calculated from the data (excluding 
the measurements taken on 8/3/79) and are shown in Fig.
8.7. The difference between the slopes of the regression 
lines indicates that P. radiata stomata are 1.5 times more 
sensitive to changes in vapour pressure deficit than E. 
rossii stomata while under non-limiting moisture conditions.
Vapour pressure deficit was also found to influence 
leaf conductance even after leaf water potential fell 
below the threshold leaf water potential values. Fig.
8#8 shows the relationships between leaf conductance and 
vapour pressure deficit for P. radiata and E. rossii when 
leaf water potentials were below -1.5 MPa and -2.6 MPa
respectively and when light intensities were above 300
-2 -1mE m s . Both species show linear relationships between 
leaf conductance and leaf water potential. P. radiata 
maintains lower conductances than E. rossii and it is 
only under very high vapour pressure deficits that it 
would be expected that the conductances of E. rossii would 
approach those of P. radiata.
*Vapour pressure deficit has been expressed in kPa 
(1 kPa = 10 mb).
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■ PI 24-10-78
•  P2 25-10-78
A PI 8 -3 -79
▼ P2 8 - 3 -79
d; 0-4-
10 20
Vapour Pressure Deficit, <5e (kPa)
16 -
0 - 8'
■ El 24-10-78
•  E 2 25-10-78
□  El 16-1 -79
O E2 20-1 -79
▲ El 8 - 3 -79
T  E2 8-3 -7 9
k| * 1 37 - 0 30 6e 
R2 = 0 787
1-0 2-0 3 0
Vapour Pressure Deficit, 5e (kPa)
(b)
FIG. 8.7 Relationships between leaf conductance and vapour 
pressure deficit under non-limiting leaf water 
potentials and light intensities for (a) P. radiata 
and (b) E. rossii.
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■ PI 16-1-79
•  P2 20-1-79
A PI 1 -3-79
V P2 2-3-79
A El 1-3-79
V E2 2-3-79
Vapour Pressure Deficit, <5e (kPa)
FIG. 8 . 8  R e l a t i o n s h i p s  be tween l e a f  c on du c t a nc e  and vapour  
p r e s s u r e  d e f i c i t  un de r  low l e a f  w a t e r  p o t e n t i a l s  
and n o n - l i m i t i n g  l i g h t  i n t e n s i t i e s  f o r  (a)  P.  r a d i a t a  
and (b)  E. r o s s i i .
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Different relationships of leaf conductance and 
vapour pressure deficit were obtained for P. radiata for 
the two recording periods shown in Fig, 8.8(a). Lower 
conductances were maintained during the drier of the two 
recording periods (1/3/79) but the rate at which the 
stomata responded to increasing vapour pressure deficits 
was the same for both the January and March measurements. 
The relationship obtained for the third (16-20/1/79) 
recording period appears to closely fit the data shown in 
Fig. 8.7 for the final recording period (8/3/79) indi­
cating that stomatal recovery in P. radiata was incomplete 
by 8/3/79.
The relatively high leaf conductances of E. rossii 
under conditions of low vapour pressure deficits and low 
leaf water potentials indicates that water loss would be 
quite considerable even when soil water potentials are 
quite low.
Cambial Growth
The cambial growth rates for the P. radiata and 
E. rossii sample trees are presented in Fig. 8.9* P. radiata 
maintained rapid cambial growth right up to the start of 
the dry January-February period whereas E. rossii growth 
rates slowed in early November and fell to very low levels 
in December, despite good December rains. Growth resumed 
in all trees after the end of the drought period in March 
but P. radiata grew much more rapidly than E. rossii during 
this period. The growth of the two species has been con­
sidered in more detail in Chapter 7. The low growth rates 
of E. rossii recorded during December are thought to be 
a result of low cambial growth as well as bark shrinkage 
prior to decortication the following month. Growth was 
also apparently low during January, although the decortica­
tion process confounded measurements during the January 
period. However, observations on the shoot growth of E. 
rossii (see Fig. 7.3(a)) support the concept of low growth
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0 02-
E1
-0-02-
(a)
0 02-
decortication
0 02-
0 06-1
0-04-
(b)
(C)
(d)
(e)
FIG. 8.9 Cambial growth rates for the two E. rossii 
sampling trees ((a) and (b)) and the two P 
sampling trees ((c) and (d)) together with 
rainfall recorded at the sampling site (e)
radiata
weekly
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r a t e s  d u r i n g  December and J a n u a r y  and i t  a p p e a r s  t h a t  growth 
r a t e s  were low d e s p i t e  t h e  m a in ten a n ce  o f  low s t o m a t a l  
r e s i s t a n c e s  d u r i n g  t h i s  p e r i o d .  The f a i l u r e  o f  E. r o s s i i  
t o  c o n t r o l  w a te r  l o s s  d u r i n g  J a n u a r y  c o u ld  have r e s u l t e d  
i n  d e s i c c a t i o n  o f  th e  p h o t o s y n t h e t i c  t i s s u e  w i th  th e  con­
seq uence  t h a t  p h o t o s y n t h e s i s  was i n h i b i t e d  t h r o u g h  d e c r e a s e d  
c h l o r o p l a s t  a c t i v i t y  (Boyer  1976) d e s p i t e  th e  f a c t  t h a t  
g a s  exchange  was m a i n t a i n e d .
8 . 3 . 2  The Water R e l a t i o n s  o f  E, f a s t i g a t a *
The d i u r n a l  c o u r s e  o f  th e  w a te r  s t a t u s  o f  th e  t h r e e  
E. f a s t i g a t a  sa m p l in g  t r e e s  f o r  th e  f i r s t  t h r e e  r e c o r d i n g  
p e r i o d s  i s  d i s p l a y e d  i n  F i g .  8 . 1 0 .
S to m a ta l  b e h a v i o u r  was ve ry  s i m i l a r  f o r  t h e  t h r e e  
r e c o r d i n g  p e r i o d s  w i th  m o d e ra te  l e a f  r e s i s t a n c e s  a t  dawn, 
r a p i d l y  d r o p p in g  to  v e ry  low r e s i s t a n c e  v a l u e s  ( a b o u t  
1 sec  cm ”* ) f o r  most o f  t h e  day and n o t  r i s i n g  s u b s t a n t i a l l y  
u n t i l  l i g h t  i n t e n s i t y  d ropped  a t  t h e  end o f  th e  day .  Lea f  
w a t e r  p o t e n t i a l  p a t t e r n s  were a l s o  v e ry  s i m i l a r  f o r  th e  
t h r e e  r e c o r d i n g  p e r i o d s  w i th  h ig h  p o t e n t i a l s  a t  dawn ( ab o u t  
- 0 . 3 5  MPa), d e c r e a s i n g  to  a minimum a t  midday and r i s i n g  
to  v a l u e s  c l o s e  to  t h e  dawn r e a d i n g s  a t  s u n s e t .
The main f l u c t u a t i o n s  i n  l e a f  w a t e r  p o t e n t i a l  a p p e a r  
to  be r e l a t e d  to  f l u c t u a t i o n s  i n  l e a f  t e m p e r a t u r e s  and 
h u m i d i t i e s  ( a l t h o u g h  no s im p le  r e l a t i o n s h i p s  c o u ld  be 
d e m o n s t r a t e d ) .  For  example ,  t h e  r a p i d  d rop  i n  l e a f  w a te r  
p o t e n t i a l  i n  one o f  t h e  t r e e s  d u r in g  t h e  f i r s t  r e c o r d i n g  
p e r i o d  ( 1 7 / 9 / 7 8 )  i s  t h o u g h t  to  be a  r e s u l t  o f  t h e  t r e e  
b e in g  e x p o sed  to  d i r e c t  s u n l i g h t  f o r  a s h o r t  p e r i o d .  A f t e r  
t h e  t r e e  became shaded  from a d j a c e n t  l a r g e r  t r e e s ,  l e a f  
w a t e r  p o t e n t i a l  r o s e  to  l e v e l s  s i m i l a r  t o  t h e  o t h e r  samp­
l i n g  t r e e s .
*While t h e  s tu d y  o f  E. f a s t i g a t a  i s  n o t  d i r e c t l y  r e l e v a n t  
to  P .  r a d i a t a  i n v a s i o n ,  i t  p r o v i d e s  a u s e f u l  g u id e  i n t o  
t h e  way th e  i n v a s i o n  r e s i s t a n t  f o r e s t s  ( c h a r a c t e r i z e d  by more 
m esic  e u c a l y p t  s p e c i e s )  u t i l i z e  t h e i r  w a t e r  r e s o u r c e s .
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26 - 10-78
£  0 -5 -
15 18
Eastern S tandard Time ( Hours)
FIG. 8.10 Diurnal patterns of leaf resistance and leaf 
water potential in the three E. fastigata 
sample trees (identified by different symbols) 
over the first three recording periods.
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As f o r  P. r a d i a t a  and E. r o s s i i , t h e  r e l a t i o n ­
s h i p s  be tw een  l e a f  r e s i s t a n c e  and l i g h t  i n t e n s i t y ,  l e a f  
w a t e r  p o t e n t i a l  and vapour  p r e s s u r e  d e f i c i t  were examined 
f o r  E. f a s t i g a t a .
Li g h t  I n t e n s i t y
The r e l a t i o n s h i p  be tw een  l e a f  r e s i s t a n c e  and 
p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  i s  shown i n  F i g ,  8 , 1 1 ,
L ea f  r e s i s t a n c e  r a p i d l y  d ro p s  v/ith i n c r e a s i n g  l i g h t  i n t e n -
- 2  -1s i t y  up to  100 gE m s b u t  i s  i n d e p e n d e n t  o f  l i g h t
- 2  -1i n t e n s i t y  a t  i n t e n s i t i e s  g r e a t e r  t h a n  200 gE m s 
L ea f  Water P o t e n t i a l
F i g ,  8 ,1 2  shows th e  r e l a t i o n s h i p  be tween  l e a f  
c o n d u c ta n c e  and l e a f  w a te r  p o t e n t i a l .  No o b v io u s  t h r e s h o l d
FIG. 8.11 The r e l a t i o n s h i p  be tw een  l e a f  r e s i s t a n c e  and
l i g h t  i n t e n s i t y  (400-700  nm) f o r  E, f a s t i g a t a .
Tree No.
Spring
SummerO □
o 10-
500  10
Light Intensity (juE m ^ s '1)
0 1500
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2 6 -1 0 -7 8 2 3 - 1 - 7 9
T re e  1 • O
T re e  2  ■ □
T r e e  3  ▲ A
- 2-0 - 1-5 -10 - 0-5
Leaf Water Potential, 'l l (MPa)
FIG. 8.12 The relationship between leaf conductance and 
leaf water potential, under non-limiting light 
conditions, for E. fastigata.
value was reached where the stomata closed. Under the 
environmental conditions experienced during the three 
measurement periods, leaf conductance appears to be rela­
tively independent of leaf water potential.
Vapour Pressure Deficit
Leaf conductance appears to be almost independent 
of vapour pressure deficit although there was a slight 
drop in conductance with increasing vapour pressure deficit 
(Fig. 8.13).
The lack of stomatal response in E. fastigata 
to changes in vapour pressure deficit and leaf water
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26- 10-78 23- 1-79
Tree 1
Tree 2
Tree 3
Vapour Pressure Deficit, <5e (kPa)
FIG. 8.13 The relationship between leaf conductance and 
vapour pressure deficit under non-limiting 
light intensities for E. fastigata.
potential indicates that water loss would be very high 
in this species on hot dry days, and unless growing on very 
sheltered sites with deep soils would probably suffer from 
severe drought stress. However, further investigation is 
required before firm conclusions can be reached because 
a severe stress situation was not observed in this study.
8.4 DISCUSSION
There is a strong contrast between the water­
using strategies of P. radiata and E. rossii under moisture 
stress situations. P. radiata possesses many of the charac­
teristics of Levitt's (1972) water savers whereas E. rossii
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fits the description of a water spender. P. radiata is 
better able to avoid drought stress than E. rossii by 
more effectively controlling its water loss through stoma- 
tal control. P. radiata responds times more rapidly to 
increases in vapour pressure deficit than E. rossii, while 
under non-limiting leaf water potentials, and rapidly 
increases stomatal resistance when leaf water potentials 
drop below -1.45 MPa, whereas E. rossii does not do so 
until leaf water potentials fall to much lower values, 
probably around -2.60 MPa. Even where leaf water potentials 
in E. rossii do fall below the threshold value, leaf resis­
tances are still held at low levels compared with P. radiata. 
However, under very high vapour deficits the stomata of 
E. rossii would be expected to approach resistances com­
parable to those of P. radiata.
Vapour pressure deficit was the main variable 
affecting leaf resistance in both E. rossii and P. radiata 
when light and leaf water potentials were not limiting.
This response appears tc play an important part in the 
water loss regulation mechanisms for these species. Similar 
responses have been observed in other plant species (Camacho 
et al. 1974> Watts et al. 1976) although the mechanism 
by which vapour pressure deficit affects leaf resistance 
is poorly understood. Watts et al. (1976) considered the 
most likely mechanism to be that suggested by Stalfelt 
(1962, cited by Watts et al. 1976) where vapour pressure 
deficit causes changes in stomatal aperture by changing 
the rate of transpiration from the leaf mesophyll cells, 
with feedback leading to changes in guard cell turgor 
pressure.
The results suggest that E. rossii only closes 
its stomata once a point is reached where it has exhausted 
its accessible supplies of soil water and cannot restore 
leaf water potentials to high values overnight. Under 
severe drought conditions such a strategy could lead to
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the development of extremely low leaf water potentials, 
with the possible result of damage to plant tissues. In 
contrast, the water-conserving strategy of P. radiata 
could enable this species to survive for longer under 
drought conditions. An additional mechanism which permits 
P. radiata to maintain relatively high leaf water poten­
tials during lengthy periods of soil moisture stress is 
its ability to directly absorb atmospheric water into the 
foliage (Leyton and Armitage 1968). This provides an effi­
cient mechanism for taking advantage of small quantities 
of precipitation such as light rain or fog condensate 
which is not available to plants which can only absorb 
moisture through the roots (Johnston 1964)• No such mech­
anism is known to exist in the dry sclerophyll eucalypts 
in the A.C.T.
In comparison with E. fastigata, E. rossii pos­
sesses some of the characteristics of Levitt’s (1972) 
water savers, as it maintains higher leaf resistances and 
responds to increasing vapour pressure deficits. E. fas- 
tigata demonstrated only 3. very weak response to increasing 
vapour pressure deficit and no response to low leaf water 
potentials was observed, although further data are required 
to determine the levels of stress required before stomatal 
closure occurs. E. rossii is found on the driest of the 
forest sites and as the degree of site exposure increases 
the forest is replaced by woodland. E. rossii can, there­
fore, be considered to be at the xeric end of a replacement 
series of forest eucalypt species and is probably among 
the most drought resistant dry sclerophyll forest eucalypt 
species in the region. Probably a major contributing factor 
to its drought resistance is the possession of an extensive 
root system. This would give the species access to a com­
paratively large supply of soil water and enable it to 
maintain its high rates of water loss (low stomatal resis­
tance) well into the summer without sustaining severe 
dehydration.
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The ability of plants to maintain low stomatal 
resistances under low leaf water potentials has been associ­
ated with drought resistance (Shields 1950, Bannister 
1964, Sanchez-Diaz and Kramer 1971). By maintaining low 
stomatal resistance under moderate drought stress, drought 
resistant plants can maintain a higher assimilation rate 
than species which shut their stomata under comparable 
conditions. However, the converse has also been associ­
ated with drought resistance, with the more drought resis­
tant species avoiding desiccation by closing their stomata 
at higher leaf water potentials than drought sensitive 
species, which maintain low stomatal resistances and suffer 
from desiccation. For example, Withers (1978b) found that 
E. ovata had less control over water loss than Casuarina 
littoralis. This was regarded as being a major contributing 
factor to the gradual replacement of E. ovata by C. lit­
toralis in an E. ovata-C. littoralis community in Victoria. 
Similarly in the U.S.A., Tobiessen and Kana (1974) found 
that Populus tremuloides had comparatively little stomatal 
control compared to P. grandidentata, and this was con­
sidered to be partially responsible for the replacement 
of P. tremuloides by P. gradidentata when moving from 
moist to dry sites.
Results from girth increment records of the E. 
rossii sample trees together with shoot growth studies in 
Chapter 7 indicate that E. rossii grew only very slowly 
during December and January despite the maintenance of low 
stomatal resistance during this period. In contrast, P. 
radiata grew rapidly during December, stopped growing during 
January and February, and resumed rapid growth in March.
It appears that E. rossii is not purposely maintaining 
low stomatal resistances during the dry period in order 
to enable continued growth, but instead is incapable of 
closing its stomata under moderate stress conditions, 
leading to the development of very low leaf water potentials 
before water loss is controlled. It is possible that the
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low amount of growth recorded for E. rossii during January 
could be the result of an inhibition of photosynthesis 
which can be caused by decreased chloroplast activity 
under moisture stress conditions (Boyer 1976). The ability 
of P. radiata to maintain low stomatal resistances in 
the mornings during periods of drought and then to close 
its stomata during the hottest part of the day would enable 
it to maintain a positive carbon balance and yet still 
efficiently control water loss.
An after-effect from the summer drought, in the 
form of abnormally high stomatal resistances, was observed 
in P. radiata. The slow recovery of the stomata after drought 
could be a mechanism by which the species avoids a "false 
start" situation where isolated summer storms are followed 
by continued severe drought conditions. Rook et al. (1978) 
found this recovery period to be in the order of a few 
days to a week although the length of time required for 
full recovery will depend on the previous history and 
environmental conditions. Their findings contrast strongly 
with those of Cremer (1972b) who concluded P. radiata can 
resume growth within a day when favourable conditions resume 
after a lengthy drought period.
There was no evidence to suggest that E. rossii 
has a recovery period after drought similar to that of 
P. radiata. Although the ability to resume low leaf resis­
tances immediately after leaf water potentials rise may 
be an advantage under some circumstances, it could be a 
considerable disadvantage under conditions where a summer 
storm is followed by continued severe drought (a common 
situation in the study area), because the opportunity 
to restore leaf water potentials to high levels would 
be partially lost.
Because P. radiata adopts a water-saving strategy 
during drought periods it has a relatively low demand for
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soil moisture during summer compared to E. rossii which 
adopts a water-using strategy. In this way P. radiata 
could to some extent be avoiding the need to compete for 
soil water during drought stress periods and, therefore, 
the two species would be to some degree complementary in 
their use of the resource. This could partially explain 
the success of P. radiata regeneration in the invaded forest 
environment, where it would be expected that competition 
for soil moisture from the eucalypt overwood would be 
severe during periods of drought. The water-using strategies 
of other eucalypt species in the broad area of study are 
likely to be intermediate between those of E. rossii and 
E. fastigata and, therefore, a similar complementary pattern 
of water use would be expected between these species and 
P. radiata.
The E. rossii saplings used in this study were 
unusually vigorous when compared to other saplings and 
mature trees on the invaded study site. Competition 
for resources would be expected to be less intense from 
poor quality trees than the vigorously growing saplings, 
making it particularly easy for P. radiata to regenerate in 
such a forest. In the following chapter a critical examina­
tion is made of the condition of the eucalypt forests in 
the study areas, and the relationship between stand condi­
tion and the level of pine invasion.
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CHAPTER 9
HISTORIC FACTORS INFLUENCING THE CONDITION 
OF THE EUCALYPT FOREST
9.1 THE CONDITION OF THE EUCALYPT FOREST
During the collection of data for the detailed 
pattern analyses (Chapter 4) it became apparent that higher 
levels of invasion commonly occurred on sites characterized 
by the presence of trees with poor crown condition and a 
high incidence of crown dieback. Sites more resistant to 
invasion tended to have a relatively better quality over­
storey with a lower proportion of trees with weak crowns. 
However, it was also evident that there was no simple or 
direct correlation between crown condition and invasion; 
some poor quality stands being invasion resistant.
Fig. 9*1 illustrates the crown condition of the 
trees on two heavily-invaded sites and compares these with 
two non-invaded sites (study sites from the Thompson’s 
Corner pattern analysis (Fig. 4.1)). The four sites are on 
north-west aspects and have similar basal areas and values 
of leaf area index.* Although the distinction between invaded 
and non-invaded sites is not always as clear as demonstrated 
in Fig. 9*1? the figure serves as a useful illustration 
of the types of crown condition frequently found. The 
crowns on the invaded sites have many large dead or broken 
branches and there appears to be little potential for 
crown recovery or expansion. Alternatively, crowns on the 
non-invaded sites have fewer large dead branches and are 
characterized by more dynamic branch extension and foliage 
production.
*Definition of the foliage in the centre of the photographs 
of the two invaded sites is poor because of the high angle 
of the sun. Nevertheless, there are similar amounts of 
foliage on each site, as indicated by their L.A.I. values 
(calculated from the amount of foliage intercepted at an 
angle of 32.9 from the horizontal).
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S ite  46 ( in v a d e d )
L A I  7 *°  ?  _ i
BA 3 1 .6  m ha
S ite  4 7 ( in v a d e d )
L A I  7 - 1 p _ i
BA 3 0 .0  m ha
S it e  22 (n o n - in v a d e d ) 
L A I 6 .9  
BA 2 4 .7  rTi ha
S ite  28 (non—in v a d e d ) 
LA I 8 .5  
BA 2 7 .8  m ha
F IG . 9 .1  H e m is p h e r ic a l p h o to g ra p h s  show ing th e  crown c o n d i t io n  o f  th e  
dom inan t s tra tu m  on two invaded  s i t e s  ( ( a )  and ( b ) )  and two 
n o n -in v a d e d  s i t e s  ( ( c )  and ( d ) ) .  See F ig .  4 .1  f o r  lo c a t io n  
o f  s i t e s .  LA I = L e a f A rea In d e x  BA = B asa l A re a .
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At the outset of the study the reasons for the 
variable and frequently poor condition of much of the 
sclerophyll forest were not clear. Most areas had not 
been burnt since 1939 and had not been directly disturbed 
by European man since about 1920. The long time period since 
the last major disturbance, and the fact that many of the 
dry sclerophyll forests in the Canberra region are in a 
similar poor condition, led to the initial conclusion that 
despite the variation in crown condition, the sclerophyll 
forests of the lower Brindabella Ranges are in a "natural" 
condition. This is a view shared by others working in simi­
lar forests in the A.C.T. (e.g. Burdon and Chilvers 1977). 
However, results from the detailed pattern analyses (Chap­
ter 4) combined with a greater degree of familiarity with 
the study area, led to the formulation of an alternative 
hypothesis, that is, the poor condition of much of the 
sclerophyll forest reflects a failure of the forest to 
recover from disturbances associated with the activities 
of the early settlers, despite the fact that such distur­
bance ceased 60-80 years ago. This hypothesis is examined 
in the light of historical records available for the study 
area, and possible biological explanations for it.
9.2 PREVIOUS LAND USE AND THE FORESTS OF THE BRINDABELLA
RANGES
9.2.1 Early European Settlement in the Canberra Region
The first squatters moved into the Canberra and 
Cooma districts during the 1820s (Wilson 1968, Franklin 
1978) bringing with them their sheep and cattle which were 
their livelihood. The region proved to be very good grazing 
country and the lightly-wooded Limestone Plains which 
surround the Queanbeyan district (Fig. 9.2) were soon 
cleared of trees to simplify grazing (Wilson 1968). A 
rapid expansion of settlement occurred during the 1830s 
and by 1840 all the best land grants were taken up. This
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FIG. 9*2 The Canberra region and location of towns and 
homesteads occupied by early European settlers 
in the 1800s.
forced later settlers to occupy land on the fringes of 
the original land grants where soils and topography were 
generally unsuitable for occupation. This meant that the 
less wealthy settlers were forced to occupy, among other 
areas, the mountains to the west of Canberra.
Although the history of the Canberra district is 
well documented (Wilson 1968), there is very little written 
about the history of European occupation of the mountains 
to the west of Canberra. However, consultation with various 
historical sources has yielded a large amount of information 
on the extent of settlement in the Cotter River and Paddy's 
River valleys during the 19th century. These sources include 
old parish maps, N.S.W. Dept of Lands records, crown lands 
records from the state archives of N.S.W. (Archives Author­
ity of N.S.W. 1977)? the original surveyors' maps of the 
parish portions (held by the Australian Survey Office, 
Canberra) and numerous conversations with old timers of 
the Canberra district.
The first recorded crossing of the Brindabella 
Range by European man was in 1838 by Terence Murray (Wilson 
1968) (Fig. 9.3). By 1845 a modified version of this route 
was in use as a stock route (Wilson 1968), linking the 
Cotter Valley with the Brindabella homestead and beyond 
to the Coolemine homestead (Fig. 9*2) in the northern 
part of the N.S.W. snowfields. This route is nearby to 
the areas studied in this project.
Settlement extended from the Queanbeyan district 
to the Murrumbidgee River during the early 1830s and thence 
south to the Tharwa district by 1835* (Fig. 9*2). The 
Booroomba run in the upper reaches of Paddy's River was 
opened up in 1840* and the Tidbinbilla and Congwarra runs
*Canberra and District Historical Society Records
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FIG. 9*3 The C o t t e r  R iv e r  v a l l e y  and s u r r o u n d i n g  d i s t r i c t  
showing th e  e x t e n t  o f  European s e t t l e m e n t  i n  th e  
Condor C k . , C o t t e r  R. and P a d d y ’ s R. v a l l e y s  d u r in g  
th e  1800s.  Names i n d i c a t e  th e  name o f  t h e  l a n d
h o l d e r  o r  th e  h om es tead  ( i n  i n v e r t e d  commas). The 
b o l d  b ro k en  l i n e  i n d i c a t e s  t h e  a p p ro x im a te  r o u t e  
t a k e n  by Murray d u r i n g  th e  f i r s t  c r o s s i n g  o f  th e
B r i n d a b e l l a  Range i n  1838
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further down the valley were opened up shortly after and 
were well established by 1848*. Settlement also extended 
west during the 1840s and the Uriarra run was established 
prior to 1848*.
After the best land was taken up, settlement 
continued to spread into the more mountainous terrain of 
the Cotter River valley and the lower part of the Paddy’s 
River valley. The better land in these valleys was probably 
taken up during the late 1840s although there are records 
showing that the headwaters of the Cotter River were set­
tled as early as 1832 (Cox 1922).
The earliest detailed records of actual land 
holdings in the study area are the original surveyors' 
drawings made when the mountains were first surveyed during 
the period 1870 to 1900. These records show that virtually 
all of the Bullen Range was being used for grazing in 1884 
and that the Vanity's Crossing-Pierce's Creek area was being 
used in 1875 (by Hardy (Fig. 9*3))» Surveyors' records 
to the west of the Cotter show that "Mountain View" (Fig.
9.3) was well established in 1885 and that settlement in 
the Condor Creek valley was also firmly established, with 
Blundell (1871)» Shannon (1900), Perrott (1885) and McLaugh­
lin (1882) all running small farms in the valley (Fig.
9.3) . A system of stock routes linked the properties and 
large numbers of travelling stock were moved through the 
area each year en route to the Brindabella Valley and 
Cooleman Plains areas.
The farms in the Cotter River valley and lower 
part of the Paddy's River valley were resumed by the Com­
monwealth between 1913 and 1915 and there has been virtually 
no grazing in the area since 1920, except for the Bullen 
Range which was grazed under annual lease until 1959*
*N.S.W. Govt Gazette, 1848
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Although grazing was the predominant form of 
land use in the 1800s, mining also had an important impact 
on localized areas. Three small mines are known to have 
been worked at the turn of the century, one on Mt. Blundell 
(silver) and two on the Bullen Range (silver and copper)
(Fig. 9.3).
9.2.2 The Impact of European Settlement on the Vegetation
and Soils of the Brindabella Ranges
Most of the farms established in the mountains 
during the 1800s were located in poor grazing country and 
complete clearing was normally restricted to the area 
near the home yard. Elsewhere, trees growing in grassy 
areas were ringbarked or felled to promote better grass 
production and some trees were cut for firewood and fence- 
posts. Destruction of trees to promote grass production 
was probably done in a broad mosaic pattern. For example, 
it is now evident that some of the E. rossii-E. macrorhyncha 
communities were heavily disturbed, while adjacent E. dives- 
E. mannifera communities on more sheltered sites were left 
relatively undisturbed. Generally the sheltered sites car­
ried larger-boled trees and a more persistent shrubby 
understorey and were probably not regarded as effective 
grazing sites. However, all of the forest would have been 
damaged by recurrent fires lit for protection purposes 
and to promote the production of fresh grass shoots.
Because there were limits to the area of land 
allowed to be owned by any one landholder and limits to 
the extent of settlement in the 1800s, the land was used 
intensively, with little regard for its capabilities, and 
overgrazing was, therefore, common. Soil erosion was inevit­
able under such management practice and the introduction 
of the rabbit into the region at the turn of the century, 
together with the 1902 drought, accelerated the soil erosion 
problem immensely. Further droughts up to 1915 and severe 
rabbit plagues drastically lowered farm productivity and
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many farmers were sent bankrupt trying to meet the cost 
of the compulsory wire netting of their properties (Frank­
lin 1978). This forced the landholders into continued over- 
grazing at the cost of further erosion. The problem was 
aggravated by the belief that continuing frequent burning 
and further ringbarking would increase grass production.
By 1918 the need for tree planting to rehabilitate 
the land was recognized and planting of P. radiata was 
commenced in 1926 and continued until 1961 (Cotter Resource 
Survey*). The erosion problem was successfully contained 
under this new form of land use, but the topsoil could 
only be replaced by the natural soil-forming processes 
which operate on a much larger time scale.
In addition to over grazing by stock (and later 
by rabbits) and the soil erosion problem, the dramatic 
increase in the fire frequency after European settlement 
(Cotter Resource Survey) led to a change in the composition 
of the understorey. At the time of the first European 
settlement in the Cotter River catchment the forests were 
probably unevenaged with an open grassy understorey and 
with the ground fairly free of debris (Bennett 1834? cited 
in Cotter Resource Survey). However, by 1875 the lower 
catchment had been thoroughly burnt (Gale 1875» cited in 
Cotter Resource Survey) and horseback travel in many areas 
had become difficult because of fallen trees, a thick 
shrub layer and dense undergrowth. Similar changes in 
understorey composition at higher altitudes have been noted 
by King (1959) and the ecological implications of the 
vegetation change caused by increased fire frequency have 
been discussed at length by Park (1975)-
*Resource and environment consultant group, Forestry 
Dept, A.N.U. (1973).
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The overall pattern of early settlement (over- 
grazing, increased fire frequency, vegetation change and 
severe erosion) is not unique to the Canberra region.
Wagner (1978) demonstrated a similar pattern in the Goul- 
burn district and suggests that the unwise utilization 
of the land between I860 and the early 1900s is reflected 
in the erosion pattern imposed on the present landscape.
He further suggests that the overclearing of grazing lands 
can be associated with the occurrence of dry land salinity 
existing today and that the effect of regular burning off 
is reflected in the peculiar erosion patterns on some 
areas and the dominance of unproductive pasture species.
Wagner (1978) points out that the soils formed on Ordivician 
metasediments are particularly prone to gully erosion.
These soils are very common in the Brindabella Ranges. 
Similarly, Moore (1969) describes a nearly identical chain 
of events in the arid region of N.S.W. near Bourke. The 
effects of climate, over-stocking, rabbits, destruction 
of drought fodder reserves, and changes in fire frequency 
led to severe soil erosion and a change in understorey 
dominants from grasses to woody shrubs, with a corresponding 
decline in sheep-carrying capacity in 1902 to a quarter 
of the 1888 capacity.
It is likely that the present day poor quality 
dry sclerophyll eucalypt forests in the study area are a 
direct reflection of the 60 years of uncontrolled grazing 
activity in the region. Where grass growth was promoted 
by partial clearing, it would have been the more competitive, 
larger and heavier-crowned trees which were felled or 
ringbarked. Weaker components of the forest were probably 
not cut, and many of these still persist, though in a 
much deteriorated condition. In addition, coppice growth 
on cut stumps probably developed into the multiple stem 
trees which are common on many of the invaded sites today, 
and any advance growth developing from lignotuberous regenera­
tion would have been subjected to continuous competition
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from the coppice regrowth and persistant overwood. More­
over, the severe erosion which took place probably had a 
lasting impact on the already poor skeletal soils by vir­
tually eliminating the topsoil. The loss of the topsoil, 
and accompanying lower fertility, could have left many 
soils unsuitable for further vigorous growth of the dominant 
trees and/or new seedlings. Similarly, excessive soil ero­
sion may have left the soils in such a poor condition that 
the understorey species could no longer fully occupy the 
forest floor, leading to the currently extremely sparse 
understorey cover.
It is suggested that the low vigour and low com­
petitive ability of trees in the more heavily disturbed 
forests has been an important factor predisposing them 
to pine invasion. Etherington (1975) suggests that dis­
turbance of ecosystems and selective pressure by man and 
animals cause extensive variation in the competitive status 
of plants in natural ecosystems. Etherington (1975) con­
siders that such pressures can deform or displace niche 
hyperspaces and allow other plants, including exotics, 
to increase in numbers. Similarly, Harper (1965) considers 
disturbance of the environment as a precursor to invasion 
by alien species and considers that "both the entry of 
the alien and any reduction in the abundance of a native 
can usually be associated with the disturbance of the habi­
tat". The possible formation of a niche space for P. radiata 
following disturbance need not imply that eucalypt seed­
lings would also be able to utilize the new growing space, 
as they may still be subjected to the same competitive 
pressures which prevent them from developing in an undis­
turbed forest.
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9.3 FACTORS INFLUENCING THE CONTINUING WEAK CONDITION
OF THE SCLEROPHYLL FOREST
The question which remains to be resolved, is 
whether the process of soil erosion on the skeletal soils 
has sufficiently reduced the nutrient and water supplying 
power of the soils, that it alone could have caused the 
overwood trees to persist in a weak and progressively deteri­
orating condition, and cause the relatively abundant pool 
of lignotuberous advance growth to remain in a static 
condition on the forest floor. Obviously any changes in 
the soil condition have not critically affected the growth 
capacity of radiata pine in plantations, or its development 
within the eucalypt forest. An alternative (or more likely, 
supplementary) factor affecting the continued weakness 
of the eucalypt forest may be a particular sensitivity of 
the eucalypt advance growth to competition from the over­
wood, despite its poor condition. The concept that pine 
regeneration can develop within the disturbed eucalypt 
forest while eucalypt regeneration remains inhibited is 
an attractive one. While it was impossible to examine 
this question in any detail within the time limits of this 
project, it was felt that the question itself was so impor­
tant that an exploratory study to test the rationale for 
such an hypothesis would be worthwhile. This has been car­
ried out by examining the growth response of lignotuberous 
advance growth to the severing of competing tree roots 
(Section 9-3*1)•
It is also possible that the level of insect pre­
dation on weak eucalypt advance growth may be critical in 
restricting the recovery of the stand. The role of insects 
in the eucalypt forest is discussed in Section 9»3*2.
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9.3«1 The Role of Root Competition In Restricting
Eucalypt Seedling Development
A characteristic feature of most dry sclerophyll 
eucalypt forests is the accumulation of a pool of ligno- 
tuberous seedlings on the forest floor. The lignotuber is 
of significant survival value to the eucalypt in an environ­
ment where grazing, fire or drought are frequent, because 
it has the ability to produce new shoots after the aerial 
parts of the plant are destroyed (Pryor 1976).
A curious feature of the lignotuberous seedling 
is the way in which it can lie in a semi-dormant state on 
the forest floor for many years before it develops into 
an erect sapling (Henry and Florence 1966). The transition 
from lignotuberous seedling to sapling often follows the 
creation of a gap in the forest canopy (Florence 1969). 
However, the gap size required can be very large in some 
cases (30 m for a mature spotted gum-ironbark forest 
(Henry and Florence 1966)) and Florence (1969) suggests 
that some form of direct root competition is responsible 
for the suppression of lignotuber development rather than 
competition for light, water or nutrients. Similar mech­
anisms have been suggested by Story (1967)? who considers 
an allelopathic mechanism is responsible for the bare patches 
beneath woodland eucalypts, and del Moral et al. (1978) 
who demonstrated that the phytotoxic properties of foliar 
leachates of E. baxteri are responsible for the zone of 
suppression beneath its canopy when growing in coastal 
heath.
Observations on the growth of lignotuberous E. 
rossii seedlings in an invaded forest (Chapter 7) suggest 
that growth can be very slow during periods of adequate 
moisture supply and favourable temperatures. Furthermore, 
eucalypt root systems are extensive and gap sizes in the 
forest canopy can be very large before any seedling response
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occurs, suggesting that light competition is not the main 
limiting factor to seedling development. These observations 
are consistent with the hypothesis that some form of direct 
root competition is inhibiting the development of the ligno- 
tuberous seedlings on the invaded sites. In order to gain 
a better understanding of the nature of competition between 
lignotuberous eucalypt seedlings and the eucalypt overwood, 
an exploratory study was made on the effects of root trench­
ing on the growth of eucalypt seedlings. In this study, 
three E. rossii seedlings and one E. macrorhyncha seedling 
were chosen for trenching. Two of the seedlings (one E. 
rossii and one E. macrorhyncha) were originally from the 
larger study on seasonal growth patterns (Chapter 7) and 
had been protected by wire animal exclosures since April 
1978« Two further seedlings were subjectively chosen for 
study and protected by wire exclosures in November 1978.
It was reasoned that a response to trenching would 
be best demonstrated in seedlings which were in poor con­
dition and which would, in the absence of trenching, be 
expected to grow very slowly. Therefore, all four seed­
lings were chosen on the basis that they would be in poor 
condition, but not so totally unhealthy that they might 
die during the experiment or fail to respond to any favour­
able treatment. The selected seedlings were approximately 
35 cm high at the time of trenching. Circular trenches 
about 2 m diameter were excavated to the depth of the C 
horizon (about 0.6 m deep) around each seedling on 3/11/78, 
thus severing virtually all competing tree roots. The 
trenches were then refilled with soil. Care was taken to 
ensure that the soil was well tamped down as the trenches 
were filled, that the soil was returned to its approximate 
original position in the profile, and that the soil was 
left flush with the original surface on completion of the 
trenching treatment.
Shoot growth and length of shoot eaten by insects 
was measured to the nearest 1 mm from convenient leaf
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axils or stem junctions at approximately fortnightly inter­
vals for the following 6 months. Shoot growth of the two 
seedlings which were originally from the larger experiment 
had been monitored since April 1978. Growth of every shoot 
on each plant was recorded and at the end of the experiment 
in April 19795 shoot growth was converted to a fortnightly 
growth rate and expressed as a percentage of the maximum 
rate (Fig. 9.4(a))« The patterns of growth were then com­
pared with those recorded for the untrenched seedlings in 
Chapter 7 (Fig. 9.4(b)).
The seedlings were in poor condition at the time 
of trenching and growth was negligible at that time. How­
ever, a clear response to the trenching treatment was obser­
ved in three of the seedlings a month after the treatment. 
Growth rates were high through January (slightly higher 
than the maximum rates observed in untrenched seedlings) 
and only dropped at the beginning of February, although 
the E. macrorhyncha seedling continued to grow at moderate 
rates even during February. The E. macrorhyncha seedling 
and one E. rossii seedling (which did not show a response 
in January) resumed rapid growth in March after the end 
of the dry summer period. The other two seedlings maintained 
low rates of growth during this period.
The rapid growth recorded for the trenched seed­
lings through the first half of the dry summer period was 
extremely atypical of the growth patterns of untrenched 
seedlings of the same species (cf. Fig. 9.4(h)) and is 
considered to be a direct response to the treatment.
Defoliation rates were insignificant in all but 
one of the seedlings where a moderate amount of defoliation 
was experienced in May and September. The other seedling 
from the main growth pattern study was also damaged by 
insects during this period, only this was not expressed 
in a reduction in shoot length because most damage was 
confined to buds and mature leaves.
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FIG. 9*4 (a) Growth rates and defoliation rates (expressed
as a percentage of the maximum growth rate) 
for the four trenched seedlings.
(b) Growth rates (expressed as a percentage of 
the maximum growth rate) for untrenched 
E. macrorhyncha and E. rossii seedlings 
"("redrawn from Fig. 7.3)*
306
Despite the exploratory nature of this experiment 
it cleariy demonstrates that a large growth response can 
occur in lignotuberous seedlings if released from root 
competition from the overwood. Three of the four trenched 
seedlings grew most rapidly when the growth of untrenched 
seedlings was declining, suggesting that some form of 
competition was inhibiting the growth of the untrenched 
seedlings.
There are a number of possible explanations for 
the growth response after trenching. These include reduced 
competition for water and nutrients and a possible reduction 
in phytotoxins which may be released from the living roots 
of mature eucalypts.
Soil moisture levels within the trenched areas 
probably did not drop as rapidly as in untrenched areas 
when summer approached because the water loss from trans­
piration would have been dramatically reduced in the trenched 
areas after the roots of the overwood trees were severed. 
Transpiration losses would normally be expected to have 
been high during January and February as very little rain 
fell over this period and transpiration of the older trees 
was being maintained at levels comparable with those during 
spring (Chapter 8). The growth of the trenched seedlings 
could have been enhanced by the better water supply and 
slower depletion of soil water as summer approached. A 
similar grov/th response to trenching was observed by Kor- 
stian and Coile (1938) in conifer and deciduous hardwood 
forests in the U.S.A. They attributed the growth response 
to increased soil moisture in their trenched plots.
The alternative explanation of the growth response 
is that the living roots of the mature eucalypts could be 
releasing autotoxic substances which have an inhibitory 
effect on the grov/th of eucalypt seedlings. By trenching, 
the source of toxins would be removed and following the
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breakdown of toxins already in the soil, the growth of 
seedlings would be stimulated. This mechanism has been 
proposed as a possible explanation for the suppression 
of lignotuberous seedlings in spotted gum-ironbark forests 
(Henry and Florence 1966) and has been shown to play an 
important role in the suppression of Grevillea robusta 
seedlings in G. robusta plantations in Queensland (Webb 
et al. 1967). The very poor growth of the eucalypt seedlings 
in this experiment, followed by rapid growth rates soon 
after trenching, suggests that a similar allelopathic 
mechanism could be responsible for the suppression of 
seedling growth.
The concept that competition for soil water was 
inhibiting the growth of the seedlings during spring seems 
unlikely because soil moisture levels would have been 
close to field capacity over most of the spring, as con­
sistent rains were received during the entire spring period 
(Fig. 7.4). The alternative of active allelopathic sup­
pression of seedlings seems, therefore, to be more con­
sistent with the data than that of growth suppression 
through competition for soil moisture. However, the reduced 
transpiration demand on the soils in the trenched areas 
undoubtedly would have enabled growth to continue later 
into the summer than was possible in untrenched areas.
The extensive nature of the eucalypt root system 
(Chapter 6), and the eucalypt's high demand for soil mois­
ture during summer (Chapter 8), suggest that the eucalypt 
needs to occupy a large volume of soil to enable it to 
survive during periods of moisture stress. The capacity 
to restrict stocking levels and transpiration surface areas 
even during unusually favourable growing conditions would, 
therefore, be of considerable survival value to the euca­
lypt as it would enable it to prevent overstressing of 
the site during severe drought periods, thus enhancing 
its chances of continuing dominance on the site. An
308
allelopathic mechanism could provide the eucalypt with 
the means of maintaining such low levels of site occupancy.
Despite the obvious need for a major research 
project to examine the causes of the growth response fol­
lowing trenching, it does seem clear that the lignotuberous 
eucalypt seedlings are being actively suppressed by the 
depauperate overwood on the invaded sites. This phenomenon 
could be responsible for the continuing dominance of weak- 
crowned trees in many of the dry sclerophyll forests in 
the study area. The strong suppression of seedling develop­
ment will probably ensure that these forests will remain 
in a poor condition for many more years unless a major 
disturbance such as wildfire further weakens or kills the 
overwood, when rapid seedling development v/ould presumably 
folio v/.
The seedlings chosen for this experiment were 
in poor condition before trenching. It has already been 
noted that two of the seedlings were, at the beginning 
of the experiment, suffering from the effects of repeated 
attack from defoliating insects. It seems likely that this 
would be a major contributing factor to the initial poor 
condition of the seedlings, and their inability to develop 
under the strong inhibitory effect of the roots of the 
overwood. The following section briefly examines the pos­
sible role of insects in the eucalypt forest environment 
and the implications of this in terms of pine invasion.
9.3.2 The Role of Phytophagous Insects in Eucalypt
Forests
Australian eucalypt forests characteristically 
suffer from high, chronic levels of damage from phytophagous 
insects (Morrow 1977a). Morrow (1977b) suggests that levels 
of damage may be up to five times larger than those sus­
tained by northern hemisphere angiosperm forests, and that
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damage of this order seriously depresses the productivity 
of the vegetation, Pryor (1976) comments on the signifi­
cantly faster growth of eucalypts planted overseas and 
attributes this to the reduced number of insect predators 
and higher fertility soils in overseas countries.
Phytophagous insects may play a particularly 
important role in many processes within the eucalypt forest 
ecosystem, Springett (1978) suggests that the eucalypts 
maintain a slow nutrient cycle by efficiently recycling 
nutrients within the tree crown, and that such a process 
would eventually deplete the resource base if it were not 
for the high levels of insect grazing, which effectively 
maintains a rapid recycling of nutrients to the forest 
litter and understorey. Others suggest that phytophagous 
insects play an important role in permitting the coexis- 
tance of closely related eucalypt species by preferentially 
grazing the more competitive species and, therefore, con­
ferring an advantage on the less competitive species (Burdon 
and Chilvers 1974a, 1974b, Morrow 1977a, 1977b).
The reasons why the eucalypts suffer such high 
levels of damage when compared with northern hemisphere 
angiosperms are not clear. Fox and Macauley (1977) suggest 
that the low nitrogen content of eucalypt leaves (a reflec­
tion of the poor fertility of the soils on which they grow) 
may be an important influence on the growth of insects, 
and suggest that individual insects would have to consume 
greater quantities of eucalypt foliage to satisfy their 
nitrogen requirements.
Springett (1978) considers that the growth rates 
of the eucalypts are to a large degree regulated by the 
levels of insect attack, and that such a rate regulatory 
role is necessary in the eucalypt forest to prevent over- 
exploitation of the resource during unusually favourable 
growing seasons. Most forest systems overseas are utilizing
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higher fertility soils in more equable environments and 
Springett (1978) implies that there is, therefore, no cor­
responding need for such a rate regulatory mechanism in 
these systems.
The high levels of insect damage sustained by 
the eucalypts could contribute to the poor condition of 
many of the local forests by making it very difficult 
for already weakened stands to recover. P. radiata suffers 
from few defoliating insects (Neumann 1979) and regeneration 
developing in such eucalypt forests v/ould, therefore, have 
a large competitive advantage over the eucalypts by being 
able to develop relatively free from insect defoliation.
In the short term such behaviour could lead to a rapid 
colonization of the eucalypt forest. However, if Springett 
(1978) is correct in asserting that a rate regulatory 
mechanism is necessary in the eucalypt environment, in 
order to avoid depletion of the impoverished resource 
base, then it is likely that the pines may, in the long 
term, overexploit the environment to their own detriment, 
leading to an ultimate decline in pine vigour and pine 
populations.
9.4 CONCLUSIONS
From this examination of the eucalypt forest it 
can be seen that a number of factors have contributed to 
the poor condition of the invaded forests and their par­
ticular susceptability to invasion by P. radiata.
The sclerophyll forests in the study area were 
probably fairly open and grassy at the time the first 
settlers moved into the Cotter and Paddy's River valleys 
in the 1840s. However, overgrazing, droughts, increased 
fire frequency, rabbit plagues and ringbarking led to 
severe sheet and gully erosion, and almost certainly to a 
weakening of the forest overwood and a change in the
understorey composition from an open grassy forest floor 
to one dominated by shrubs. The active suppression of 
lignotuberous eucalypt seedlings by the overwood, together 
with a lowering of soil fertility after the loss of top­
soil, has probably resulted in the maintenance of a forest 
of very low vigour since grazing was ceased in the Cotter 
Valley in 1920. The weakened eucalypt forest may be capable 
of preventing the development of vigorous eucalypt stems, 
but apparently not the development of P. radiata seedlings 
which may readily utilize the unused "growing space" in 
the eucalypt forest.
Once established, P. radiata can develop rapidly 
in the eucalypt forest environment. P. radiata has relatively 
few serious insect predators and, therefore, has a much 
greater potential for maintaining a highly vigorous crown 
compared to the eucalypts, which characteristically suffer 
high, chronic levels of insect damage.
The impact of early settlement is not expressed 
uniformly in all the forests in the study area. Rather, 
there is a mosaic of disturbed and relatively undisturbed 
forests. P. radiata commonly invades the forests which had 
been more heavily disturbed in the past, particularly by 
felling or ringbarking of trees to stimulate patches of 
grass growth. Invasion frequency cannot, however, be directly 
related to the mosaic of previous disturbance. Superimposed 
on the mosaic are the influences of mammalian herbivores, 
seedbed conditions, litter movement, winter snowfalls, 
fungal pathogens, summer drought, pine seed supply, and 
probably many other, as yet unidentified, factors. The 
resultant pine invasion mosaic is, therefore, extremely 
complex and must be seen as the product of a host of inter­
acting factors.
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CHAPTER 10
DISCUSSION
The study of Pinus radiata invasion in eucalypt 
forests has involved a wide range of disciplines, with 
experimental work covering a broad range of topics including 
an examination of the patterns of pine invasion, detailed 
studies on the establishment phase of young pine seedlings 
in eucalypt forests, and investigations into various aspects 
of the competitive relations between pines and eucalypts.
The major findings of the study are summarized below.
(1) P. radiata seed is dispersed by wind and invasion
of eucalypt forests commonly occurs up to 400 m from 
pine plantations of seed-bearing age. However, after 
very favourable seed dispersal conditions some pine 
regeneration can spread up to a few kilometres from 
plantations.
(2) Very little pine invasion occurred before the mid- 
1950s. This is mainly attributed to the grazing 
pressure from rabbits which were effectively controlled 
by myxomatosis after 1955* Droughts and wildfires
may have also contributed to the lack of regeneration 
before 1955* Since then peaks in regeneration have 
occurred as a response to heavy seedfall years with 
a very large peak in regeneration occurring in the 
1968-9 growing season.
(3) Analysis of the patterns of invasion was made at 
two levels. These were an initial descriptive survey 
of factors associated with invasion and a subsequent 
detailed pattern analysis of invasion in two areas 
using computer-based multivariate analytical techniques. 
Of the attributes used to describe the forest stands
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those most highly correlated with invasion were low 
altitudes, exposed aspects, weak-crowned trees, 
little vigorous advance growth, low percentage cover 
of shrubs, low basal area, light litter layers and 
sandy loam soils. The species most commonly associ­
ated with invaded sites include E. rossii, E. macror- 
hyncha, E. goniocalyx, Monotoca scoparia, Brachyloma 
daphnoides and Acacia rubida. Those attributes most 
highly correlated with non-invaded sites include 
high altitudes, high basal area, sheltered aspects, 
vigorous trees, abundant vigorous advance growth, 
heavy litter layers and clay loam soils. Species 
commonly associated with non-invaded sites include 
E. robertsonii, E. viminalis, E. dives, Pteridium 
esculentum, Acaena anserinifolia and Danthonia pallida.
(if) Studies on the germination and establishment of pine 
seedlings at various stages of development suggest 
that there is little inherent limitation to survival 
and growth imposed by site factors specific to non- 
invaded sites. Variations in pine seedling survival 
are mainly attributed to the influences of browsing 
herbivores and summer drought stress, and at higher 
altitudes, winter snow damage. Other factors which 
limit seedling establishment and survival are deep 
litter layers, fungal pathogens and mobile litter 
layers (which can crush seedlings) on steep slopes.
(5) Studies on competition between the eucalypts and the 
developing pines were concerned with the root systems 
of the pines and eucalypts, their shoot growth pat­
terns and their water relations.
(a) The vertical distribution of fine roots of pines 
and eucalypts is very similar indicating that 
they exploit similar parts of the soil profile. 
However, P. radiata supports much higher root 
densities than the eucalypts although there is
evidence to suggest that the pines could have a 
less extensive lateral spread of roots than the 
eucalypts.
(b) The peak growth periods of the pines and euca­
lypts occur at the same time during the growing 
season. However, P. radiata commences growth 
slightly earlier in the spring and grows much 
more rapidly than the eucalypts.
(c) The drought resistance mechanisms of the pine
and eucalypt differ substantially. The pine closes 
its stomata at considerably higher leaf water 
potentials (-1.45 MPa) than the eucalypt and 
responds more rapidly to changes in vapour pressure 
deficit. In this way the pine maintains high 
leaf water potentials during drought periods.
In contrast, the eucalypt does not close its 
stomata until leaf water potential falls consider­
ably lower (about -2.6 MPa) and is not capable 
of increasing stomatal resistance to the levels 
achieved by the pine. However, the eucalypt 
apparently maintains a better access to soil 
water supplies and in this way can avoid desic­
cation.
(6) The weak condition of many of the invaded eucalypt
forests can be related to the inability of the stands 
to recover from past disturbances associated with 
grazing activity between 1850 and 1920. Pine invasion 
most readily occurs in these weakened stands, although 
it is not restricted to them and can occur in some 
vigorous forests.
The study has shown that there is a mosaic of 
invaded and non-invaded forests in the Brindabella Ranges 
and that the mosaic is related to levels of browsing 
of pine seedlings by mammalian herbivores and levels of 
previous disturbance of the forest. Summer drought stress 
can restrict pine establishment on extremely exposed sites 
and winter snow damage appears to be able to prevent pine 
seedling development at high altitudes. A large proportion
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of the forest floor on the invaded sites is bare mineral 
soil. This provides a good seedbed for pine germination 
and low levels of browsing allow rapid seedling development. 
On the non-invaded sites, heavy litter layers are common 
and seedling establishment is limited by the availability 
of suitable seedbeds. Most seedlings which are successful 
in establishing are subsequently heavily browsed or killed 
by mammalian herbivores and, therefore, the chances of a 
seedling surviving on these sites are very low. However, 
there is nothing inherently inhibitory to pine growth on 
the non-invaded sites and once established, competition 
from the eucalypts does not seem to prevent rapid pine 
development.
Forests which have been previously disturbed are 
more susceptible to invasion than relatively undisturbed 
forests. There could be a number of reasons for this. It 
is possible that the eucalypt stand has been so weakened 
by the disturbance that it can no longer compete strongly 
for resources against the pines. It is also possible that 
the disturbance has changed the nature of the understorey 
cover on the invaded sites and that this has led to reduced 
levels of browsing by herbivores on these sites.
Many ecologists consider that disturbance is 
normally necessary before exotics can invade natural plant 
communities (Elton 1 9 58, Harper 1 965» Moore 1967 (cited 
in Amor and Piggin 1977)» Etherington 1 975)* However, some 
forests which received comparatively little disturbance 
and which have been left undisturbed for 6 0 -8 0 years have 
also been invaded, although at much lower densities.
The apparent success of P. radiata, even in rela­
tively undisturbed eucalypt forest, suggests that the pines 
are either exploiting the resource more efficiently than 
the eucalypts or they are using some part of the resource 
not already exploited. These alternatives are examined in 
the light of existing evidence.
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There are three main lines of evidence supporting 
the concept that the pines are exploiting the resource more 
efficiently than the eucalypts. The first is that the 
pines are exploiting the same part of the soil profile as 
the eucalypts. They are, therefore, competing for the same 
physical space within the soil. However, the pines may be 
more "efficient" in their use of the soil resource. Because 
of a less extensive lateral spread, the fine feeder root 
system of the pines may occupy a smaller volume of soil, 
but with a greater density of fine roots. The second line 
of evidence is that although the peak growth periods of 
the pines and eucalypts occur at very similar times during 
the growing season, the pines can maintain much more rapid 
growth than the eucalypts. Thirdly, the pines can more 
effectively control water loss during periods of moisture 
stress and can maintain more rapid growth during summer 
than the eucalypts, despite the possibility that the eucalypts 
could have greater access to soil water supplies through 
a more extensive root system.
There is also evidence to suggest the alternative 
strategy applies, that is, P. radiata could be using some 
part of the resource not already exploited by the eucalypt.
The pines commence growth slightly earlier in the growing 
season than the eucalypts and maintain slightly higher 
growth rates during winter. Hence, they can maintain growth 
for part of the year relatively free from competition from 
the eucalypts. Secondly, the eucalypts seem to be particularly 
sensitive to some form of direct root competition in the 
eucalypt forest. This effectively maintains low levels of 
stocking in the forest, even after the dominant trees 
have declined in vigour and productivity, and no longer 
require large inputs of resources. The pines are not nearly 
as sensitive to this form of competition and appear to be 
able to utilize the poorly exploited resource in declining 
eucalypt forests.
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A third factor possibly bearing on the success 
of invading pine is concerned with the ability of the pine 
to extract nutrients from the soil. Stone and Will (1963) 
suggest that in New Zealand the pines may have the ability 
to extract nitrogen from a soil organic fraction largely 
unavailable to the native vegetation. Similarly, Fisher 
(1968) provides some experimental evidence to suggest that 
the conifer rhizosphere mineralizes or otherwise extracts 
some fraction of the soil nitrogen that was resistant to 
similar action by the rhizosphere of the previous vege­
tation. He further suggests that the increased supply of 
nitrogen is only a temporary consequence of the develop­
ment of the conifer rhizosphere in a new medium and will 
diminish after the source is exhausted. This has been 
suggested as one basis for the second rotation decline in 
pine productivity on inherently infertile soils in South 
Australia (Florence and Lamb 1975)« Alternatively, Richards 
(1962, 1964) provides evidence to suggest that there is 
an annual accretion of nitrogen in some coniferous forests. 
This could partially explain the high productivity of conifer 
forests on soils of poor fertility. Although examination 
of the nutrient status of the pines and eucalypts could 
not be undertaken as part of this study, it is possible 
that P. radiata is capable of extracting nutrients directly 
from some fraction of the soil or soil organic matter which 
is unavailable to the eucalypts, and in this way is utili­
sing an unexploited resource.
Although the evidence is far from conclusive, 
there seems general support for the hypothesis that the 
pines are not only capable of outcompeting the eucalypts 
for resources, but are also capable of using some part of 
the resource not already fully exploited. Such behaviour 
by an invading exotic is most unusual (Harper 1965? Browning 
1977) as it suggests that the native vegetation is not 
fully utilizing its available resource. A possible explanation 
for this phenomenon could lie in the historical development
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o f  th e  A u s t r a l i a n  v e g e t a t i o n  and i t s  e v o l u t i o n a r y  a d a p t a t i o n  
t o  h a r s h e r  e n v i r o n m e n t s .
The e v o l u t i o n a r y  h i s t o r y  o f  th e  e u c a l y p t s  i s  n o t  
w e l l  u n d e r s t o o d ,  a l t h o u g h  t h e r e  a r e  a number o f  g e n e r a l l y  
a c c e p t e d  p r i n c i p l e s  ( r e v ie w e d  by F l o r e n c e  1979)» One t h e o r y  
i s  t h a t  d u r i n g  the  e a r l y - T e r t i a r y  t h e  c l i m a t e  was much 
w e t t e r  and more humid and p r o b a b l y  c o n s i d e r a b l y  warmer th a n  
what i t  i s  t o d ay  (C ro c k e r  1939) and m eso p h y t ic  p l a n t s  
grew i n  what a r e  now th e  most a r i d  p a r t s  o f  A u s t r a l i a .
During  t h e  mid- to  l a t e -  T e r t i a r y ,  c l i m a t i c  and r e s u l t i n g  
e d a p h ic  ch an g e s  p r o v i d e d  c o n d i t i o n s  f o r  th e  e x p a n s io n  of  
t h e  e u c a l y p t .  E n v i ro n m e n ta l  c h an g e s  may have been  f i r s t  
e x p r e s s e d  i n  m ass ive  l o s s e s  o f  n u t r i e n t s  t h r o u g h  th e  p r o ­
c e s s e s  o f  e r o s i o n  and l a t e r i z a t i o n , and l a t e r  by a r a p i d l y  
d r y i n g  c l i m a t e .  L a t e r ,  i n  t h e  P l e i s t o c e n e ,  f u r t h e r  m o d i f i ­
c a t i o n s  to  th e  p a r e n t  m a t e r i a l s  and c l i m a t e  were a s s o c i ­
a t e d  w i th  th e  K oscuisko  u p l i f t  i n  e a s t e r n  A u s t r a l i a .  These 
fo l lo w e d  many g l a c i a l  ( w e t t e r )  and i n t e r g l a c i a l  ( a r i d )  
c y c l e s ,  c u l m i n a t i n g  i n  a  sudden  o n s e t  o f  s e v e r e  a r i d i t y  
sometime i n  t h e  l a t e  Q u a t e r n a r y  ( C ro c k e r  1939) e x te n d i n g  
i n t o  th e  R e c e n t ,  p r o b a b l y  a s  r e c e n t  a s  5?000 to  10,000 
y e a r s  ago ( S p e c h t  1970).  Some c l i m a t i c  a m e l i o r a t i o n  i s  
presumed t o  have o c c u r r e d  s i n c e  ( C ro c k e r  1959)« The changes  
i n  c l i m a t e  and s o i l s  t h ro u g h  t h e  T e r t i a r y ,  combined w i th  
a d e c l i n e  i n  s o i l  f e r t i l i t y  a s s o c i a t e d  w i th  e r o s i o n  o f  th e  
T e r t i a r y  b a s a l t s ,  r e s u l t e d  i n  t h e  e l i m i n a t i o n  o f  many 
f l o r a  u n i t s  and r e t r a c t i o n  o f  o t h e r s  to  more f a v o u r a b l e  
s i t u a t i o n s ,  and a change from t h e  fo rm er  v e g e t a t i o n  t h a t  
was e x t e n s i v e l y  m eso p h y t ic  to  a p r e d o m i n a n t l y  s c l e r o p h y l l o u s  
and x e r i c  one (C ro c k e r  1939? B ead le  1954? 1962, 1966).
The p r e s e n t  day e u c a l y p t  m igh t  be seen  a s  a r e s ­
ponse  o f  some e a r l y - T e r t i a r y  p r o g e n i t o r  to  many s e l e c t i o n  
p r e s s u r e s ,  i n c l u d i n g  d e c l i n i n g  n u t r i e n t s ,  c y c l e s  o f  a r i d i t y ,  
and d u r in g  th e  d r i e r  p e r i o d s ,  f i r e .  P e r h a p s  one mechanism 
o f  a d a p t a t i o n  to  d ry  i n f e r t i l e  s i t e s  h a s  been  th e  way i n
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which the eucalypt can maintain low stand densities, perhaps 
through strong competitive pressures exerted by large trees 
on smaller trees, including some form of direct root compe­
tition. In this way the net demand for water and nutrients 
is reduced and overstressing of the site prevented during 
drought periods. Such a strategy would maximize resource 
supply to a limited number of individuals. An alternative, 
potentially more productive strategy, would have been 
to more fully exploit the resources during favourable con­
ditions coupled with more efficient conservation of resources 
(particularly water) during stress periods. However, there 
is no evidence to suggest that any eucalypt is a true 
"water saver” (able to efficiently restrict water loss 
as stress develops), and in this respect the eucalypts 
could differ from other scleromorphic elements of the 
Australian flora (Florence 1979)* Evidence from this study 
suggests that like many other Australian sclerophylls,
P. radiata is better able to conserve water resources and 
in this way could be more efficient in its use of the 
resource and, therefore, more productive.
It is possible that the past climatic changes in 
Australia have been so recent and perhaps, so rapid, that 
the eucalypt has not yet fully adapted to the new set of 
environmental conditions and is struggling to occupy mar­
ginal sites such as those found in the Brindabella Ranges, 
which border between forest and open woodland. The concept 
that the eucalypts are only marginally suited to these 
sites is strengthened by the observation that a large 
number of trees died on similar sites throughout the Canberra 
region during the 1965 drought. It is also possible that 
in some respects P. radiata is better adapted to occupying 
these sites and could be, therefore, better able to more 
fully utilize the resource.
Despite the competitive advantages that P. radiata 
may have over the eucalypts, a number of eucalypt communities
320
are highly resistant to invasion. This is not surprising 
since the pine has not evolved in the eucalypt forest and 
a number of environmental hazards which are found in the 
eucalypt forest would certainly be absent in the native 
habitat of P. radiata. There are a number of factors which 
militate against the pine’s chances of success and restrict 
invasion densities to very low levels in some types of 
eucalypt forest communities. Of particular importance are 
the influences of mammalian herbivores, winter snowfalls 
and summer droughts.
Browsing mortalities on invasion resistant sites 
have been shown to be very high and in some cases sufficient 
to eliminate virtually all pine regeneration. Browsing 
intensities can change dramatically when moving from one 
forest type to another, an observation supported by Leigh 
and Holgate (1979) who noted similar contrasts in the 
browsing levels on native plants in different eucalypt 
communities. Leigh and Holgate (1979) concluded that brow­
sing, particularly in combination with fire, can have a 
profound effect on community species composition.
Snow damage was observed to kill a large number 
of experimental cotyledonary P. radiata seedlings trans­
planted at 1100 m. It is possible that snow damage is 
responsible for the absence of regeneration above 800-900 m, 
despite the fact that older nursery-raised seedling stock 
is not excessively damaged by snow (Rout and Doran 1974).
Summer drought stress was responsible for a high 
mortality in planted pine seedlings on highly exposed, 
low altitude, rocky sites and it is likely that drought 
stress is a major limiting factor to pine seedling survival 
on dry exposed ridges and very exposed north-westerly 
slopes. The failure of P. radiata to occupy extremely dry 
sites could be related to its drought resistance mechanism 
which relies on effectively regulating water loss rather
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than maximizing water supplies by an extensive root system. 
However, an extensive root system may be essential for 
early seedling survival on very dry sites and unlike the 
eucalypt, the pine has no lignotuber to assist survival 
while it develops a high root:shoot ratio. However, some 
pines have established on these sites, and once past the 
seedling stage it is obvious that they are capable of 
fairly rapid growth.
Among other limiting factors to P. radiata invasion 
are the influences of seedbed condition (poor survival 
in deep litter layers), litter movement (mobile litter on 
steep slopes can crush small seedlings) , and fungal patho­
gens (commonly a problem in moderately heavy litter layers 
on moist sheltered sites). However, it is possible that 
successive generations of pines growing within the eucalypt 
forest could gradually build up a resistance to these limiting 
factors, with a progressive selection of genotypes more 
suitable for survival and growth in the eucalypt forest 
environment.
Of considerable importance in the ecology of 
P. radiata invasion is the role played by fire. The area 
studied in this project is managed as a water catchment 
area and is protected from fire. Fuel reduction burning 
is only carried out on a small scale and only in a limited 
number of areas. Pine invasion can, therefore, generally 
proceed undisturbed from fire.
Although P. radiata can resist low to moderate 
intensity ground fires (McArthur and Cheney 1966, Nicholls 
and Cheney 1974) with its thick, heat resistant bark, it 
is easily killed by crown fires and high intensity ground 
fires, and its seedlings are killed by all but low intensity 
fires. The species is sensitive to crown scorch by fire 
because it lacks subterranean perenniating buds or reserve 
buds in the stem (Gill 1975). Alternatively, P. radiata
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could have a high degree of persistence where there are 
irregular fires through its ability to release large quan­
tities of seed after the trees are killed (Fielding 1964). 
Rapid seed falls combined with a favourable mineral soil 
seedbed can result in profuse regeneration (Fenton 1951 > 
Fearnside 1974). This enables P. radiata to persist in 
communities where fires do not occur sufficiently frequently 
to kill pine seedlings before they reach cone-bearing age 
(9-10) years).
Elsewhere in Australia fuel reduction burning 
is frequently practised in eucalypt forests adjacent to 
pine plantations. Where the fire frequency is greater than 
one fire in every 10 -15 years the pine component is vir­
tually eliminated and regular burning is, therefore, an 
effective method of controlling pine spread (Moulds pers, 
comm,).
Successional Changes in Pine-Invaded Eucalypt
Forests
Recent concepts of succession suggest that patterns 
of succession are "direct consequences of stochastic replace­
ments of one plant by another" (Horn 1974) and that these 
replacements can be understood as a consequence of dif­
ferential growth, survival and perhaps colonizing ability 
of species adapted to grow at different points along environ­
mental gradients (Drury and Nisbet 1973).
In appreciating the significance of these concepts, 
Noble and Slatyer (1977a, 1977b, 1979) recently developed 
a qualitative scheme for modelling successional changes 
in plant communities subject to recurrent disturbances.
Their scheme can be used to predict major shifts in species 
composition and dominance in plant communities and provides 
a useful framework within which to interpret the succes­
sional changes within eucalypt forests invaded by P. radiata.
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The scheme o f  Noble and S l a t y e r  (1979) u t i l i z e s  
a s m a l l  number o f  l i f e  h i s t o r y  c h a r a c t e r i s t i c s  ( v i t a l  
a t t r i b u t e s )  which p e r t a i n  to  t h e  p o t e n t i a l l y  dom inant  
s p e c i e s  i n  a  p a r t i c u l a r  community . S u c c e s s i o n a l  chan g es  
w i t h i n  t h e  community can t h e n  be d e r i v e d  from t h e o r e t i c a l  
i n t e r a c t i o n s  be tween s p e c i e s  w i th  d i f f e r e n t  v i t a l  a t t r i b u t e  
s e t s .  They r e c o g n i s e  t h r e e  g ro u p s  o f  v i t a l  a t t r i b u t e s .
The f i r s t  group  o f  a t t r i b u t e s  d e s c r i b e s  th e  method o f  
p e r s i s t e n c e  o f  s p e c i e s  d u r i n g  a d i s t u r b a n c e ,  o r  t h e i r  
method o f  s u b s e q u e n t  a r r i v a l ,  t h e  seco n d  d e s c r i b e s  t h e i r  
a b i l i t y  to  e s t a b l i s h  and grow to  m a t u r i t y  f o l l o w i n g  th e  
d i s t u r b a n c e ,  and th e  t h i r d  r e l a t e s  to  t h e  t ime t a k e n  f o r  
them to  r e a c h  c r i t i c a l  s t a g e s  i n  t h e i r  l i f e  h i s t o r y .  A 
d e t a i l e d  d e s c r i p t i o n  o f  t h e i r  m o d e l l i n g  t e c h n i q u e  i s  beyond 
th e  scope  o f  t h i s  d i s c u s s i o n  and th e  r e a d e r  i s  r e f e r r e d  
to  Noble and S l a t y e r  ( 1979) f o r  f u r t h e r  d e t a i l s .
A s l i g h t l y  m o d i f i e d  v e r s i o n  o f  t h e i r  t e c h n i q u e  
h a s  been  u se d  to  model th e  s u c c e s s i o n a l  changes  i n  a euca -  
l y p t  f o r e s t  i n v a d e d  by P .  r a d i a t a . The r e s u l t a n t  " r e p l a c e ­
ment s e q u e n c e ” i s  shown i n  F i g .  10.1 and t h e  a s s u m p t io n s  
upon which th e  model i s  b a s e d  a r e  l i s t e d  i n  T ab le  1 0 . 1.
The s t a r t i n g  p o i n t  i n  th e  r e p l a c e m e n t  sequence  
can be t a k e n  a s  a m atu re  mixed p i n e - e u c a l y p t  f o r e s t .  I f  
a s e v e r e  crown f i r e  o c c u r s  and k i l l s  t h e  p i n e s  and k i l l s  
o r  s u f f i c i e n t l y  weakens some p a r t  o f  th e  e u c a l y p t  growing 
s t o c k  t h e n  b o th  t h e  p i n e s  and e u c a l y p t s  w i l l  r e v e r t  to  th e  
j u v e n i l e  s t a g e  ( t o p  l e f t  o f  F i g .  1 0 . 1). The p i n e s  w i l l  
r e g e n e r a t e  from se ed  d i s p e r s e d  from th e  f i r e  r e s i s t a n t  
c o n e s ,  and t h e  e u c a l y p t s  from c a p s u l e - s t o r e d  s e ed  and th e  
p o o l  o f  l i g n o t u b e r o u s  s e e d l i n g s  a l r e a d y  on t h e  f o r e s t  f l o o r .  
The r e g r o w th  p i n e s  w i l l  r e a c h  r e p r o d u c t i v e  m a t u r i t y  a f t e r  
a b o u t  10 y e a r s  b u t  w i l l  n o t  have p ro d u c e d  enough s e e d  to  
be a b le  to  p r o p a g a t e  th e  p in e  component o f  t h e  f o r e s t  
u n t i l  a b o u t  12 y e a r s  ( i n d i c a t e d  by th e  s o l i d  a r row  and 
s u p e r s c r i p t  12, i n d i c a t i n g  t h e  t im e  s i n c e  t h e  l a s t  d i s t u r b a n c e
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TABLE 10,1 Assumptions underlying the model of successional 
changes in the eucalypt forest invaded by 
P. radiata.
1. The eucalypt can persist by vegetative means after 
fire, both at the mature and juvenile stages. A 
severe crown fire can, however, kill the above ground 
parts of the mature tree. Its susceptibility to fire 
generally increases as it becomes overmature and 
finally senescent.
2. The pine cannot persist by vegetative means after
a moderately severe ground fire but has fire resistant 
cones which enable seed to survive and propagate 
the species after the fire.
3. Eucalypt development is restricted under a mature 
eucalypt or pine canopy. However, on very poor sites 
eucalypt coppice and other advance growth may survive 
and very slowly develop in association with pine, 
although the eucalypt may not reach sexual maturity 
under these conditions. On higher quality sites the 
eucalypt is less able to develop beneath a pine canopy 
and is more rapidly eliminated by pine competition.
The eucalypt would, however, respond to the opening
of a large gap in the canopy.
4. The pine can regenerate and develop to sexual maturity 
within the mature eucalypt forest and may do so even 
on moderately good quality eucalypt sites. It does 
not require a gap to be created in the canopy before 
it can develop.
5. The eucalypt reaches sexual maturity about 7 years 
after regenerating after a fire. However, a major 
crown fire would completely consume a tree of this 
age. To be able to propagate the stand from seed 
after a severe crown fire the eucalypt would probably 
have to reach an age of about 25 years. The longevity 
of the eucalypts in the study area is unknown. Some 
trees are known to have lived for about 200 years 
but the length of time the eucalypt can persist as 
advance growth or coppice is likely to be greater, 
perhaps 300 years.
6. The pine reaches sexual maturity after about 9-10 
years and would probably produce enough seed to 
propagate the stand after about 12 years.
7. Pine seed can disperse up to 400 m from a parent tree.
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at which the transition occurred). This is of considerable 
significance to the pine because the pine is now capable 
of persisting if another fire occurs (double dashed arrow). 
About 23 years after the fire the eucalypts will also 
have reached a stage where they will be able to success­
fully propagate the stand from seed after a fire. This 
stage is indicated by a solid arrow and superscript 25. 
However, because the eucalypt can vegetatively regenerate 
after fire (either by epicormic recovery of the mature 
tree, coppice reproduction from the base of fire killed 
saplings or poles, or from the lignotuberous advance growth 
pool), this transition is not of great significance to the 
pers:stance of the eucalypt.
The forest is now considered to have reverted 
to the mature mixed eucalypt-pine forest. If disturbed 
at this stage by a high intensity ground fire (single 
dashed arrow) the pines will regenerate from seed and the 
eucalypts will persist as mature trees through epicormic 
crown recovery (centre of Tig. 10.1). If another fire 
occurs before the pines reach maturity (single dashed 
arrow), and there is no nearby pine seed source available 
(within 400 m) then the pines would be lost and the eucalypts 
would be retained as a self perpetuating system. Similarly, 
if a very severe crown fire occurs at this stage (double 
dashed arrow) and there is no pine seed source available 
then the pines will be lost and the eucalypts would persist 
as juveniles (lower left-hand corner). The pine component 
could, however, be eventually restored by the gradual re­
invasion of pines from outside the disturbed area.
If no fire occurred for, say, 200-300 years the 
eucalypt stems would reach senescence where they would 
have little reproductive capacity, and eventually they 
must die. By this stage, in the absence of site disturbance 
to replenish the lignotuberous advance growth pool, any 
old advance growth existing under the pine-eucalypt stand
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may have disappeared under the combined influences of low 
light and particularly strong competition for site resources. 
Thus the eucalypt could be excluded from the system (top 
right. Fig. 10.1) and any further disturbance would merely 
result in the perpetuation of the pine. However, if two 
fires occur in rapid succession and there is no seed source 
within seed dispersal distance (about 400 m) then the pine 
would also be lost (lower right-hand corner). The replace­
ment of a tree stratum would then depend on the migration 
of tree species into the area.
This model indicates the possible outcomes under 
different fire frequencies and intensities. However, not 
all outcomes are likely to occur. Major crown fires (double 
dashed arrows) are becoming less frequent under modern 
fire protection management regimes. Furthermore, in the 
Australian dry sclerophyll forest environment, it would 
be extremely unusual for a 300 year period to elapse without 
a fire. The complete replacement of the eucalypt by P. 
radiata is, therefore, unlikely to occur. It is also unlikely 
that P. radiata would ever be capable of completely replac­
ing the eucalypts on extremely poor quality sites because 
the assumption that the eucalypt cannot develop beneath 
a pine canopy may no longer hold in this case, as the pines 
may not be capable of achieving complete canopy closure 
on poor sites. The forest community is, therefore, likely 
to oscillate between the mature mixed eucalypt-pine forest, 
and the mixed eucalypt-pine (juvenile) forest. If fires 
are very frequent and there is no nearby seed source, then 
the pine component would be lost or drastically reduced. 
However, with the expansion of P. radiata planting in 
south-eastern Australia, there will be an increasing area 
of eucalypt forest within seed dispersal distance of pine 
forests. It is likely, therefore, that a number of eucalypt 
communities will support a substantial P. radiata component 
in the future unless positive action is taken to remove 
the pines, a course being considered by the A.C.T. forest 
authority.
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This study has provided some insight into the 
ecology of both P. radiata within the eucalypt environment 
and the eucalypt community itself, and contributes to the 
future understanding of invasive exotics in the Australian 
native environment. It is concluded that P. radiata is 
likely to continue as a significant component of many dry 
sclerophyll eucalypt forests in south-eastern Australia 
in the future. The pine appears to have a competitive 
advantage over the eucalypts because it exploits the resource 
more efficiently. However, the eucalypts are less sensitive 
to fire than P. radiata and, therefore, while fire con­
tinues to play a significant role in the Australian environ­
ment it is unlikely that the pines will completely replace 
the eucalypts.
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appendix  a
DATA COLLECTED POP THE TUPEPnOII1 P> CORNER PATT PRN ANALYSTS
TAELE AT E n v i r o n m e n t a l  d a t a  c o l l e c t e d  f o r  Thompson' s  Corne r  p a t t e r n  a n a l y s i s  
and methods  o f  d a t a  c o l l e c t i o n .
NUMERICAL ATTRIBUTES
A t t r i b u t e Method
1. % b a r e  g r o u n d E s t i m a t e d  v i s u a l l y . *
2 .  S o i l  pH R a t i o  o f  1 :5  s o i l  and  d i s t i l l e d  w a t e r  mixed  f o r  
1 h r ,  l e f t  to s e t t l e  and  pH me as u re d  w i t h  pH m e t e r .
3 .  % s o i l  w e i g h t  l o s s  on 
i g n i t i o n
C a l c u l a t e d  from d i f f e r e n c e  i n  w e i g h t  o f  oven  d r y  
s o i l  s a m p le  and  s am p le  w e i g h t  a f t e r  b e i n g  h e a t e d  
t o  450 ;C f o r  3 h r s .
4 .  S o i l  n i t r o g e n  c o n t e n t  
(ppm)
5 .  S o i l  p h o s p h o r u s  c o n t e n t  
(ppm)
D e t e r m i n e d  u s i n g  a T e c h n i c o n  Auto A n a l y s e r  I I  
u s i n g  t h e  method  d e s c r i b e d  by T e c h n i c o n  I n d u s t r i a l  
S y s t e m s  ( 1 9 7 7 ) .
6 .  E v i d e n c e  o f  f i r e
7 .  Abundance  o f  a n i m a l  
t r a c k s
8 .  E v i d e n c e  o f  a n i m a l  
b r o w s i n g
9 .  E v i d e n c e  o f  a n i m a l  
d i g g i n g
E s t i m a t e d  v i s u a l l y  u s i n g  a  s c a l e  o f  0 - 3 .
10.  A l t i t u d e  ( m) E s t i m a t e d  from 1 : 1 0 0 , 0 0 0  D i v i s i o n  o f  N a t i o n a l  
Mapp ing  T o p o g r a p h i c  Map.
11.  S l o p e M ea s u re d  w i t h  c l i n o m e t e r .
• P e r c e n t a g e  e s t i m a t e s  we re  
p e r c e n t a g e s  o f  c o v e r .
made by  c o m p a r i s o n  w i t h  d i a g r a m s  sh o w in g  d i f f e r e n t
DISC PEEPED MULTISTATE ATTRIBUTES
At t r i b u t e Method
12.  S o i l  e r o s i o n V i s u a l l y  a s s e s s e d  a s  e i t h e r :
1. none
2 .  a c c u m u l a t i o n
3 .  s l i g h t  l o s s
4 .  heavy  l o s s
5.  g u l l y  e r o s i o n
13.  S o i l  t e x t u r e V i s u a l l y  a s s e s s e d  a s  e i t h e r :
1. s a n d y  loam
2 .  l oam
3 .  c l a y  l oam
4 .  l i g h t  c l a y
14.  P a r e n t  m a t e r i a l A s s e s s e d  by f i e l d  o b s e r v a t i o n  and  c a t e g o r i z e d  
a s  e i t h e r :
1. s h a l e
2 .  s a n d s t o n e
3 .  g r a n i t e
15.  P o s i t i o n  on  s l o p e A s s e s s e d  a s  e i t h e r :
1. r i d g e  t op
2 .  t o p  s l o p e
3.  m i d s l o p e
4 . l o w e r  s l o p e
5.  v a l l e y  f l o o r - g u l l y
16.  A s p e c t M ea s u re d  w i t h  compass  and  c a t e g o r i z e d  a s  e i t h e r :
1. n o r t h  ( 3 1 5  -  45° )
2 .  w es t  ( 4 5 °  -  135°).
3 .  s o u t h  (135  -  2 2 5  )
4 . e a s t  ( 2 2 5 °  -  31 5 ° )
5 .  f l a t
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TABLE AT (continued)
ORDERED K’TLTTSTATE ATTRIBUTES
A t t r i b u t e M e t h o d
17. S t o n i n e s s  o f  s o i l V i s u a l l y  a s s e s s e d  as  e i t h e r :
1. no s t o n e s
2. few s t o n e s
3. m a n y  s t o n e s
18. S o i l  d r a i n a g e V i s u a l l y  a s s e s s e d  as e i t h e r :
1. free
2. i m p e d e d
3. w a t e r l o g g e d
19. L a r g e s t  p a r t i c l e  s i z e V i s u a l l y  a s s e s s e d  as e i t h e r :
1. g r a v e l  ( 7 . 8  cm  d i a m e t e r )
2. s t o n e s  ( 7 . 8 - 2 5  cm)
3. b o u l d e r s  ( >25  cm)
/f. o u t c r o p
20. R u n n i n g  w a t e r  at o r  
a d j a c e n t  to si t e
A s s e s s e d  as e i t h e r :
1. a b s e n t
2. s m a l l  c r e e k  ( l e s s  t h a n  1 m w i d e )
3. s t r e a m  ( m o r e  than 1 m wid e )
21. W a t e r  p e r m a n e n c e V i s u a l l y  a s s e s s e d  as  e i t h e r :
1. p e r m a n e n t
2. i n t e r m i t t e n t
3. a b s e n t
22. A b u n d a n c e  o f  a n i m a l  
f a e c e s
V i s u a l l y  a s s e s s e d  as  e i t h e r :
1. a b s e n t
2. s c a r c e
3. a b u n d a n t
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TABLE A2 Structural data collected for Thompson's Corner pattern analysis and 
methods of data collection.
NUHEPfCAL ATTRIBUTES
Attribute Method
1. Tree height (m) 
(stratum 1 )
2. Tree height (m) 
(stratum 2)
Average of three measurements made with Suunto 
clinometer.
3. Leaf area index Measured from a hemispherical photograph taken 
in a "typical" area of forest and using the method 
described by Anderson ( 197 0.
4. Basal area (m/ha) Measured using a Rclascope and the angle count 
method. Average of three basal area sweeps.
5. Frequency of vigorous 
pole-class trees
6. Frequency of healthy 
pole-class trees
7. Frequency of weak pole- 
class trees
8. Frequency of very weak 
pole-class trees
9. Frequency of vigorous 
mature trees
10. Frequency of healthy 
mature trees
11. Frequency of weak 
mature trees
12. Frequency of very weak 
mature trees
13. Frequency of weak 
overmature trees
Hu Frequency of very weak 
overmature trees
15. Frequency of senescent 
trees
Proportion of pole, mature, overmature and senescent 
components of the forest estimated visually (in 
tenths) and within each component the proportion 
of vigorous, healthy, weak and very weak trees 
was also assessed. These proportions were multip­
lied together and then multiplied by the stand 
basal area to got an estimate of the frequency 
of vigour classes of each component.
Vigour classes defined as:
1. Vigorous: Large dense crown; very few dead 
or broken branches; no significant dieback; 
no epicormic growth; straight main stem and 
well-formed branches.
2. Healthy: Large mod.-dense crown; few small 
(<2 cm) dead branches; little dieback; little 
epicormic growth; straight main stem,
3. V/eak: Poorly-formed crown; patches of mod.- 
dense foliage; large dead branches (>2 cm); 
some crown dieback; epicornics present; main 
stem may be poorly formed.
4. Very weak: Small crown, sparse foliage; 
large (>2 cm) dead branches abundant; pro­
nounced dieback; substantial, epicormic grov/th; 
crooked tranches and/or main stem.
16. Shrub height (m) 
(stratum 1)
17. Shrub height (rn) 
(stratum 2)
18. % shrub cover 
(stratum 1)
19. % shrub cover 
(stratum 2)
Visually estimated.
20. Fraction of shrubs with 
very dense crowns
21. Fraction of shrubs v/ith 
dense crowns
22. Fraction of shrubs with 
mod.-dense crowns
23. Fraction of shrubs v/ith 
open crowns
Visually estimated on a 0-4 scale.
24. Height of herbaceous 
stratum 1 (m)
25. Height of herbaceous 
stratum 2 (ra)
26. % cover of herbaceous 
stratum 1
27. % cover of herbaceous 
stratum 2
Visually estimated*
28. Abundance of advance 
growth
29. Abundance of seedling- 
iignotuber growth
(eucalypt)
Visually estimated on a 0-4 scale.
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TABLE A2 (continued)
Attribute Method
30. Fraction of advance
growth with high vigour 
31 . Fraction of advance 
growth with moderate 
vigour
32. Fraction of advance
growth with poor vigour
Visually estimated and expressed in tenths.
Vigour defined as:
1. High: deep crown; actively growing in height.
2. Moderate: mod.-sized crown; suppressed.
3. Poor: very small crown; suppressed.
ORDERED KULTT.STATE ATTRIBUTES
Attribute Method
33« Paw organic litter 
abundance
Visually assessed and categorized as either: 
1 . absent
2. light
3. medium
4. heavy
351
TABLE A3 Plant species”' included 
pattern analysis.
1• Acacia dealbata
2. A. falciformis
3. A. melanoxylon
4. A. rubida
5. Acaena anserinifolia
6. Astrotricha ledifolia
7. Brachyloma daphnoides 
8• Bursaria spinosa
9. Cassinia aculeata
10. C. longifolia
11• Daviesia mimosoides
12. D. ulicifolia
13« Dillwynia retorta var. 
phylicoides
14• Eucalyptus bridgesiana 
15* E• dives
16. E. macrorhyncha
17. E. mannifera subsp. 
maculosa
in the Thompson’s Corner
18. E. robertsonii 
19* E* rossii
20. E. viminalis
221. Grass spp.
22. Geranium solanderi
23. Hibbertia obtusifolia
24. Indigo fera australis
25. Leptospermum brevipes
26. Lomandra longifolia
27. Lomatia myricoides 
28• Monotoca scoparia
29. Olearia lirata
30. Persoonia chamaepeuce
31. Poa sieberana
32. Pomaderris eriocephala 
33« Pteridium esculentum
1Nomenclature of species follows Burbidge and Gray (1976).
Includes all grass species other than Poa sieberana.2
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APPENDIX ß
DATA COTil.ECTED FOR THE BUT.LEM RANGE PATTER!) ANALYSIS
TABLE B1 Environmental data collected for the Bullen Range pattern analysis and methods of data collection.
NUMERICAL ATTRIBUTES
Attribute Methods
1. % bare ground Estimated visually*
2. Evidence of minor clearing3. Evidence of fence-post cutting4. Abundance of animal tracks
Estimated visually using a scale of 0-3.
5. Altitude (m) Estimated from 1:100,000 Division of National Mapping Topographic Map.
6. Slope Measured with clinometer.
♦Percentage estimates were made by comparison with diagrams showing different percentages of cover.
0 U A LI TAT I V E ATT RI BUT ES
At tribute Methods
7. Evidence of old fencing at or adjacent to the si te
Recorded as present or absent.
DISORDERED MU!"TSTATE ATTPIPUTES
Attribute Method
8. Soil texture Visually assessed as either:1. sandy loam2. loam
3. clay loam4. light clay
9. Soil erosion Visually assessed as either:1. none2. accumulation3. slight loss4. heavy loss5. gully erosion
10. Position on slope Assessed as either:1. ridge top2. top slope3. midslope4. lower slope5. minor gully6. major gully7. valley floor
11. Aspect Measured with compass and categorized as either:1. N (333° - 22°) 6. SE (203,, - 247°)2. N.7 (23, - 67 ) 7. E (248° - 292°)3. V/ (68 - 1 12°) 3. HE (293 - 337 )4. SVV (113° - 157°) 9. flat5. 3 (158° - 202°)
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TABLE B1 (continued)
ORDERED MULTI-STATE ATTRIBUTES
Attribute Method
12. Stoniness of soil Visually assessed as either:
1. no stones
2. few stones
3. it,any stones
13. Running water at or 
adjacent to site
Recorded as either:
1. absen t
2. small intermittent creek
3. small semi-permanent creek
4. permanent stream
5. river
14. Fire scar abundance Recorded as either:
1. absent
2. on scattered trees only
3. common
4. abundant (on most trees)
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TABLE B2 Structural data collected for the Bullen Range pattern analysis and 
methods of collection.
NUMERICAL ATTRIBUTES
Attribute Me thod
1. Height of dominant 
trees (m)
Average of three measurements made with Suunto 
clinometer.22. Basal area (m /ha) Measured with a Relascopo using the angle count 
method. Average of three basal area sweeps.
3. Abundance of pole­
sized trees
4. Abundance of mature 
trees
5. Abundance of overmature 
trees
6. Abundance of senescent 
trees
Proportion (out of ten) of each component visually 
assessed.
7. Average shrub height (m)
8. % shrub cover
9. % herbaceous cover
Visually estimated
10. Abundance of advance 
grow til
11. Abundance of seedling- 
lignotuber growth
(eucalypt)
Visually estimated using a scale of 0-4.
DISORDERED MULTISTATE ATTRIBUTES
At tribute Method
12. Herbaceous stratum 
description
Recorded as either:
1. sparse grass cover
2. tussocks of grass and bare ground
3. tussocks of gross plus a moderate cover of Poa 
if. high % cover of Poa ar.d herbs
ORDERED MULTISTAT/. ATTRIBUTES
Attribute Method
13* Average crown gap Visually estimated as either:
1 . all crowns overlapping
2. touching, some overlap
3. not touching, gap <0.1 crown widths
4. gap 0.1-0.5
5. gap 0.5-1.0
6. gap 1.0-15.0
7. gap >15
14. Vigour of dominant 
tree component
Visually assessed as either:
1. poor (little potential for growth)
2. moderately healthy (growing slowly)
3. vigorous (growing rapidly)
15. Remains of the old 
fores t
Recorded as either:
1. absent
2. burnt cut stumps only
3. rare individuals remaining
4. scattered trees
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TABLE B2 (continued)
A t t r i b u t e M e t h o d
16. V i g o u r  o f  a d v a n c e  
g r o w t h
V i s u a l l y  a s s e s s e d  a s  e i t h e r :
1. p o o r  ( s u p p r e s s e d ;  v e r y  s m a l l  c r o w n )
2. m o d e r a t e l y  h e a l t h y  ( s u p p r e s s e d ;  m o d . - s i z e d  
crow n )
3. v i g o r o u s  ( a c t i v e  h e i g h t  g r o w t h ;  d e e p  c r o w n )
17. R a w  o r g a n i c  l i t t e r  
a b u n d a n c e
R e c o r d e d  as  e i t h e r :
1. a b s e n t
2. l i g h t
3. m o d e r a t e
4. h e a v y
18. A m o u n t  o f  c o p p i c e V i s u a l l y  a s s e s s e d  as e i t h e r :  
1 . a b s e n t  
2. 0 - 1 0 #
3. 1 0 - 3 0 #
4. > 5 0 #
TABLE B3 Plant species* included in the Bullen Range 
pattern analysis.
1, Acacia rubida
2, Acaena anserinifolia
3, A. ovina
A* Astroloma humifusum 
3• Brachyloma daphnoides 
6. Bursaria spinosa 
7• Cassinia longifolia
8. Centaurium erythraea
9. Danthonia pallida
10. Dianella tasmanica
11. Dillwynia retorta var. 
phylicoides
12. Dodonaea viscosa 
13• Eucalyptus dives 
1 A• E • goniocalyx
15• E. macrorhyncha
16. E. melliodora
17. E. rossii
18• Hardenbergia violacea 
19• Helichrysum semipapposum 
20. H. viscosum 
21 . Leptospermum brevipes
22. L. phylicoides
23. Leucopogon aff. fletcheri 
2A. Lomandra longifolia
23. Persoonia rigida 
26• Pomaderris eriocephala 
27• Rubus fruticosus 
28• Stellaria pungens
29. Trifolium arvense
30. T. campestre
31. Wahlenbergia graniticola
32. Westringia eremicola 
33* Xanthorrhoea australis
*Nomenclature of species follows Burbidge and Gray (1976)
